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EDITORIAL 


Biases in forensic experts 


orensic evidence plays a critical role in court pro- 
ceedings and the administration of justice. It is a 
powerful tool that can help convict the guilty and 
avoid wrongful conviction of the innocent. Unfor- 
tunately, flaws in forensic evidence are increas- 
ingly becoming apparent. Assessments of forensic 
science have too often focused only on the data 
and the underlying science, as if they exist in isolation, 
without sufficiently addressing the process by which fo- 
rensic experts evaluate and interpret the evidence. After 
all, it is the forensic expert 
who observes the data and 
makes interpretations, and 
therefore forensic evidence 
is mediated by human and 
cognitive factors. A U.S. Na- 
tional Research Council ex- 
amination of forensic science 
in 2009, followed by a 2016 
evaluation by a presidential 
panel, along with a U.K. in- 
quiry into fingerprinting in 
2011 and a 2015 guidance 
by the U.K. Forensic Science 
Regulator, have all expressed 
concerns about biases in 
forensic expert decision- 
making. Where does forensic 
bias come from, and how can 
we minimize it? 

Forensic experts are too of- 
ten exposed to irrelevant con- 
textual information, largely 
because they work with 
the police and prosecution. 
Extraneous information—from a suspect’s ethnicity or 
criminal record to eyewitness identifications, confes- 
sions, and other lines of evidence—can potentially cause 
bias. This can give rise to conclusions that are incorrect or 
overstated, rather than what forensic decisions should be: 
impartial decisions, appropriately circumscribed by what 
the evidence actually supports. A consequence of cogni- 
tive biases is that science is misused, and sometimes even 
abused, in court. Not only can irrelevant information bias 
a particular aspect of an investigation, it often causes 
“bias cascade” from one component of an investigation to 
another and “bias snowball,” whereby the bias increases 
in strength and momentum as different components of 
an investigation influence one another. Bias also arises 
when forensic experts work backward: Rather than hav- 
ing the evidence drive the forensic decision-making pro- 


Analysis of 
evidence may be 
subject to-bias. 


“A consequence of cognitive biases 
is that science is misused, and 
sometimes even abused, in court.” 


cess, experts work from the target suspect to the evidence. 

These problems in forensic decision-making have 
been largely ignored by the courts, even though there are 
simple procedural and context management solutions at 
hand. Biases that arise from exposure to irrelevant con- 
textual information can be minimized by case managers 
who ensure that only relevant information gets to the 
appropriate expert. By blinding experts to extraneous 
information, they only get the particulars that are appro- 
priate for them to have. Bias cascade and bias snowball 
can be minimized by com- 
partmentalization. For ex- 
ample, the person collecting 
evidence from a crime scene 
should not be the expert 
who analyzes that data in 
the laboratory. In that way, 
any exposure to extraneous 
information at a crime scene 
does not influence the sub- 
sequent analysis. Such mea- 
sures to minimize bias are 
standard scientific practices 
and are commonly used in 
applied sciences, but foren- 
sic science has yet to fully 
adopt them in_ practice. 
Target suspect-driven bias 
could be minimized by tools 
such as Linear Sequential 
Unmasking (LSU), whereby 
experts are only exposed to 
the target suspect after they 
have fully analyzed and 
documented the actual evi- 
dence (such as latent fingerprints, DNA, handwriting, 
or bullet cartridges found at the crime scene). 

A major obstacle in adopting such countermeasures 
is that many forensic experts have a “bias blind spot” to 
these implicit biases and therefore tend to deny their exis- 
tence. Forensic experts frequently present their decisions 
to the court with great confidence and then incorrectly 
take the court’s acceptance of their findings as confirma- 
tion that they have not been biased or made a mistake. 
Acknowledging that bias can influence forensic science 
experts would be a substantial step toward implement- 
ing countermeasures that could greatly improve forensic 
evidence and the fair administration of justice. 

If we want science to serve society, then it must be 
properly used in the halls of justice. 

-Itiel E. Dror 
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44 We can't wait for Washington, especially not now. 99 


Fred Krupp, president of the nonprofit Environmental Defense Fund, 
in The New York Times, on his group's plan to launch a satellite to pinpoint leaks 
of methane, a potent greenhouse gas, from industry worldwide. 


I N B R I E F Edited by Jeffrey Brainard 


ACTIVISM 


March for Science downsizes, evolves 


vite 


‘ 


Arally in Washington, D.C., which ended at the U.S. Capitol, was one of many on all seven continents. 


upporters of evidence-based government policies turned out in 

cities around the world on 14 April for the second March for 

Science, although in numbers significantly smaller than at the 

inaugural event a year ago, when by some estimates more than 

a million people took to the streets. “It’s disappointing to see 

so few people,” said John Cosgrove, a retired high school sci- 
ence teacher who traveled from Easton, Pennsylvania, to attend the 
flagship rally in Washington, D.C., as he did last year. “It’s waned a 
little bit, but the energy is still there.” Speakers at that event delivered 
nonpartisan messages of support for research, but many attendees 
made it clear, through signs and comments, that they were motivated 
by U.S. President Donald Trump’s stance on climate change and other 
policies that they said ignored scientific findings. Not every rally in- 
volved a march: In Berlin, organizers instead invited scientists to talk 
about their work with neighbors and other interested people in bars 
and cafes, an initiative named Kieznerds (“neighborhood nerds”). The 
global grassroots movement has evolved to pursue science advocacy 
year-round in multiple ways, such as petition drives. 
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Al-based eye screen approved 


MEDICAL DEVICES | The U.S. Food and 
Drug Administration (FDA) last week 
announced the first approval of artifi- 

cial intelligence-based disease screening 
software that doesn’t need a clinician to 
interpret the results. The computer pro- 
gram, developed by Iowa-based company 
IDx LLC, analyzes digital images of a 
patient’s retina to detect diabetic retino- 
pathy, a common complication of diabetes 
that is the leading cause of blindness 

in US. adults. In tests of the software’s 
accuracy, it correctly identified 87.4% of 
patients with the disease and 89.5% of 
those without it. Patients who test positive 
would be referred to an eye care profes- 
sional. A patient could take the test in a 
general practitioner’s office without visit- 
ing a specialist, although a special retinal 
camera is required. If widely adopted, 

the software could make it easier for more 
patients to get regularly screened for 

the condition. 


Deep-sea catches undercounted 


MARINE ECOLOGY | Landings from 
deep-sea commercial fisheries might have 
been underreported by as much as 42% 
over the past 6 decades, because fleets 
excluded bycatch or didn’t report all hauls, 
researchers reported last week in Frontiers 
in Marine Science. Catches of deep-sea 
species amounted to just 0.5% of global 
landings from 1950 to 2015, but popula- 
tions of Greenland halibut, orange roughy, 
and other species have collapsed under 
the fishing pressure because they tend to 
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mature slowly and reproduce at low rates, 
say Lissette Victorero of the University 

of Southampton in the United Kingdom 
and colleagues. Her team analyzed data 

on deep-sea catches reported to the Food 
and Agriculture Organization of the 
United Nations and drawn from a database 
assembled by the Sea Around Us project 

at the University of British Columbia in 
Vancouver, Canada. The undercount means 
that conservation and management plans 
for these species may be inadequate, the 
authors contend. 


NIH alcohol probe expands 


BIOMEDICINE | The U.S. National 
Institutes of Health (NIH) in Bethesda, 
Maryland, last week broadened the scope 
of its investigation into ties between the 
alcohol industry and NIH’s alcoholism 
institute to include funding decisions by 
the institute’s director. The investigation 
initially focused on a National Institute on 
Alcohol Abuse and Alcoholism (NIAAA) 
study that began this year, funded largely 
with $68 million from beverage compa- 
nies, that will track 7800 volunteers to 
determine whether one alcoholic drink a 
day has health benefits. Last month, The 
New York Times reported that NIAAA 
staff met with beverage industry officials 
in late 2013 and early 2014 about financ- 
ing the study, despite a ban on soliciting 
such contributions. More recently, STAT 
reported that since joining NIAAA in 
2014, Director George Koob has cut back 
on studies of alcohol advertising that the 
industry disliked. “We’re looking into 

this in a very aggressive way,’ said NIH 
Director Francis Collins at a congressional 
hearing. In a separate move that under- 
scored concerns over industry funding 

of biomedical research, Collins said last 
week that NIH will decline cash contribu- 
tions from the private sector for a newly 
launched research project on the U.S. 
epidemic of opioid overdoses. He left open 
that NIH and pharmaceutical companies 
might cooperate in other ways, such as 
sharing data. 


AU.S.-Indian quest for neutrinos 


PARTICLE PHySiIcs | India and the United 
States have agreed to help each other build 
large experiments to study particles called 
neutrinos. India will contribute $10 million 
in hardware to the Long-Baseline Neutrino 
Facility (LBNF) and the Deep Underground 
Neutrino Experiment (DUNE), which 
together will fire neutrinos 1300 kilo- 
meters from Fermi National Accelerator 
Laboratory (Fermilab) in Batavia, Illinois, 
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Sea nomads are adapted to 
their underwater life 


The sea nomad’s evolutionary advantage 


he Bajau people are known as sea nomads because they have for centuries lived 

on houseboats on the ocean between Malaysia, the Philippines, and Indonesia, 

spending 60% of their work hours underwater spearing fish and gathering sea 

cucumbers and other foods. Now, a research team has found that the Bajau may 

have evolved adaptations for those oxygen-deprived conditions. The Bajau carry 
a gene variant that seems to lead to unusually large spleens that can supply an extra 


boost of oxygenated red blood cells as needed, Melissa Ilardo, an evolutionary genomi- 
cist at the University of Utah in Salt Lake City and colleagues report this week in Cell. 
Spleens of Bajau people are 50% larger than those of farmers who live in the same 
region, the group showed. And by comparing the DNA of the Bajau, those farmers, 

and the Han Chinese, the researchers found 25 genetic changes in the sea nomads 
that show signs of natural selection, the evolutionary process by which adaptations 
become fixed. One notable change is in a gene called PDEIOA, which can affect thyroid 
activity, which in turn influences spleen size. The study complements others showing 
that humans living at high altitudes have also evolved changes to thrive in the thin air. 


to a detector housed in a former mine 

in South Dakota. The United States 

will contribute equally to the proposed 
India-based Neutrino Observatory (INO) 
near Theni, which would study neutrinos 
created as cosmic rays strike the atmo- 
sphere. The $220 million INO may be in 
jeopardy, however, as a tribunal recently 
ordered developers to obtain new environ- 
mental permits. But India’s participation 
in LBNF/DUNE isn’t contingent on the 
INO’s success, says Fermilab Director Nigel 
Lockyer, who hopes India will eventually 
pitch in more for LBNF/DUNE, which will 
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cost more than $2 billion. Scientists from 
31 countries are working on the project, 
which broke ground in July 2017. 


Deal cuts ship emissions 


CLIMATE CHANGE | Members of the 
United Nations’s International Maritime 
Organization in London last week agreed 
to cut greenhouse gas emissions from 
international shipping to 50% of 2008 
levels by 2050. International shipping, 
which contributes about 3% of global 
carbon dioxide emissions, had been the 
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Women wait ina 
Ugandan hospital 
as their malaria- 
infected children 
receive blood 
transfusions. 


PUBLIC HEALTH 


Malaria parasites are common in African blood donations 


nsome regions of Africa, as many as three quarters of blood 

donors carry malaria parasites in their blood despite having 

no symptoms of the disease, putting people who receive blood 

transfusions at risk of infection. At the Multilateral Initiative 

on Malaria Pan African Malaria Conference in Dakar this week, 
researchers from the Worldwide Antimalarial Resistance Network 
reported an analysis of two dozen studies of blood donors from 
across sub-Saharan Africa indicating that between 6.5% and 
74% carried malaria parasites, depending on the region. A second 
study analyzed 200 blood samples from the Malabo blood bank 
in Equatorial Guinea using sensitive polymerase chain reaction 


only sector of the modern economy not 
covered by plans to accomplish the aims 
of the Paris climate agreement. (Aviation 
struck a similar accord 2 years ago.) The 
deal, an “initial strategy,’ does not lay out 
measures to make such cuts, which are 
expected to be difficult for large container 
and tanker ships to achieve because most 
are powered by cheap but energy-dense 
heavy fuel oil. The agreement was finalized 
over the objections of several countries, 
including Russia, Saudi Arabia, and the 
United States. 


U.K. university strike suspended 


WORKPLACE | A strike over pensions by 
scientists and other scholars at 65 universi- 
ties across the United Kingdom has been 
called off. Citing a deficit of £12.7 billion, 
the universities had proposed changing 
their pension scheme from a guaranteed 
benefit to one based on investment per- 
formance. University and College Union 
members disagreed and in late February 
began 14 days of strikes. Last week, the 
union voted 64% to 36% to accept a 
proposal to establish a joint committee of 
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experts that will review the valuation of 
the fund and propose ways to maintain a 
guaranteed pension. 


New head for Geological Survey 


SCIENCE POLICY | The U.S. Senate con- 
firmed former astronaut James Reilly to 
lead the U.S. Geological Survey on 9 April by 
voice vote. With a background in petroleum 
geology, Reilly is one of a handful of scien- 
tists who have been nominated by President 
Donald Trump for administrative posts and 
won confirmation. Reilly has pledged to pro- 
tect scientific integrity at the agency, where 
the administration has sought to scale back 
work focused on climate change. 


NSF awardee breaks barriers 


SCIENTIFIC PRIZES | Kristina Olson, a 
social and developmental psychologist at 
the University of Washington in Seattle, last 
week became the first psychologist to win 
the National Science Foundation’s (NSF’s) 
most prestigious prize for young scientists. 
Best known for her TransYouth Project, the 
first-ever longitudinal study of a large group 
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techniques. It found that 29.5% were contaminated with malaria 
parasites. The clinical risk to people who receive transfusions 
from infected donors isn't clear; an earlier study found that only 
2% of patients who received blood that tested positive for para- 
sites were infected by the transfusion. But for those with weak 
natural immunity to malaria—especially young children and preg- 
nant women who often receive transfusions to treat anemia—the 
risk is likely higher. The scientists emphasize that transfusion 
recipients in malaria risk areas should receive prophylactic 
malaria treatment. And they say new techniques for screening 
the blood supply are sorely needed. 


of transgender children, Olson is also the 
first woman since 2004 to receive the 

$1 million Alan T. Waterman Award, named 
for NSF's first director. At 36—and 10 years 
after her Ph.D.—she qualified under NSF’s 
new eligibility requirements, which raised 
the age ceiling from 35 to 40 and added 

3 years to the 7-year limit for time after 
degree. The change is intended to level the 
playing field for researchers whose careers 
may have been slower to take off because 

of family obligations, financial pressures, 
or physical challenges, and this was the 

first year it was in effect. For good mea- 
sure, Olson may also be the first Waterman 
winner to use a good chunk of the award 

to create a summer research program for 
undergraduates to foster greater diversity in 
the scientific workforce. “My goal is to use 
the money to move us in new directions, 
because things aren’t going to just change on 
their own,” Olson says. “And unless we make 
room in science for all of the best people, 

it will be hard to make progress on any of 
society’s problems.” 
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NASA lander to probe interior of Mars 


By listening for marsquakes, InSight will measure Red Planet’s core, mantle, and crust 


By Paul Voosen 


ASA has sent orbiters to study the at- 
mosphere of Mars and rovers to study 
its surface. Now, the agency plans to 
look inside the planet. The $814 mil- 
lion InSight lander, due to launch 
next month, carries three instruments 
designed to peer through Mars’s rusty shell, 
including a seismometer that will detect 
“marsquakes.” “We’ve got a black hole that 
starts 5 meters below the surface and goes 
all the way down to the center,’ says Bruce 
Banerdt, InSight’s principal investigator and 
a geophysicist at the Jet Propulsion Labora- 
tory (JPL) in Pasadena, California. He and 
his colleagues hope that by measuring the 
thickness and composition of the planet’s 


crust, mantle, and core, InSight will provide 
clues to how Mars lost its magnetic field and 
whether it once hosted plate tectonics. 

The mission came close to cancella- 
tion after a leak was found in the seismo- 
meter’s vacuum. Ultimately, the launch 
was delayed for 2 years to find a fix. “We 
are a much better mission compared to 
the one we had 2 years ago,” says Philippe 
Lognonné, a planetary seismologist at 
Paris Diderot University who leads the 
seismology instrument. 

InSight marks NASA’s return to plan- 
etary seismology after 4 decades. Apollo 
astronauts deployed five seismometers 
that detected moonquakes—tremors that 
helped identify the moon’s core. The two 
Viking landers on Mars both carried 


A look inside Mars 
To be launched next month, 
NASA's InSight mission will 
land in late November to study 
the planet's interior. Parachutes 
and retrorockets will set 
the car-size lander down on 
plains near the equator to 
maximize sunlight. 


InSight lander 


2 


Armed and ready 
Over several weeks, 
an arm will place 
instruments away 

from the lander © 

to avoid noise from 

the spacecraft.” ea 
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Quake watch 
Awind and thermal shield will 
cover a seismometer, containing 
six sensors to measure high 
and low frequency shaking in 
each of three directions. 
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Wobble tracker 
Doppler shifts in 
radio signals from 
Earth will point 

to wobbles in Mars's 
spin, a clue to 

the composition 

of its core. 
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Heat probe 
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seismometers, though one failed and the 
other sent no reliable signals. Ambitious 
efforts since then to put multiple seismic 
stations on Mars have sputtered. But the geo- 
physicists kept pushing, Banerdt says. “I’ve 
been getting up at meetings and berating 
people for not getting behind this for de- 
cades,” he says. “Sometimes I think they se- 
lected my mission just to shut me up.” 
Developed by JPL with Lockheed Mar- 
tin and European partners, InSight is built 
on the same platform as 2008’s Phoenix 
lander. Like its predecessor, it will use para- 
chutes and retrorockets to reach the sur- 
face. The target landing site is a smooth 
plain of lava near the equator—perhaps “the 
most geologically boring site on the planet,” 
Banerdt says. That’s for a reason: InSight 
could probably do its job from anywhere on 
Mars, so the team picked a site with few land- 
ing hazards and, thanks to its tropical loca- 
tion, plenty of sunlight for the probe’s solar 
panels. After the craft touches down in late 
November, its robotic arm will deploy the 
volleyball-size seismometer and a heat probe, 
driving a rod 5 meters into the surface with 
thousands of strokes of a tungsten hammer. 
The heat probe will measure how much 
heat is escaping from the planet, and how 
quickly—a clue to its history. From 
chemical analysis of the chunks 
of Mars that arrive on Earth 
as meteorites, researchers 
have a sense of the martian 
mantle’s composition. Com- 
bining this with the heat gradi- 
ent and interior dimensions divined by 
InSight, they can estimate how much of 
Mars’s internal heat comes from radio- 
active elements in the planet’s interior. 
The remainder is primordial energy left- 
over from Mars’s formation. Based on the 
rates at which those two heat sources ebb, 
researchers can estimate when volcanoes 
were most vigorous on Mars. “The evolu- 
tion of a planet is driven completely by 
how heat moves out to space,” says Steven 
Hauck, a planetary scientist at Case West- 
ern Reserve University in Cleveland, Ohio. 
Tiny Doppler shifts in radio broadcasts 
sent from Earth to receivers on InSight will 
reveal other details of the martian interior. 
The signals will track how the planet wob- 
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bles in its rotation, which reflects the inter- 
nal tug of its core and mantle. Just as raw 
eggs, with their liquid interiors, spin dif- 
ferently from cooked ones, Mars’s wobbles 
should hint at the core’s size, density, and 
whether it is partially molten, says Véronique 
Dehant, a geophysicist at the Royal Observa- 
tory of Belgium in Brussels. That information 
could, in turn, shed light on its composition 
and whether it is crystallizing from the inside 
out as it cools, like Earth’s core, or from the 
outside in. Ultimately, the results will im- 
prove models of how the planet lost the mag- 
netic field that its core once generated, says 
George Helffrich, a geophysicist at the Tokyo 
Institute of Technology’s Earth-Life Science 
Institute. “Mars’s core could represent what 
Earth’s will look like in the future.” 

A third set of clues will come from mars- 
quakes. Because Mars lacks the tectonic 
plates that grind together on Earth, its trem- 
ors are likely to be weaker and less frequent 
than earthquakes. “We might see five to 10” 
over InSight’s 2-year mission, Banerdt says. 
“Or we might see 1000.” In his dreams, the 
lander will see dozens of marsquakes with 
a magnitude more than five—a bounty that 
could help InSight identify their sources, 
even though it will be a single seismic station. 

Typically, three stations are needed to 
triangulate an earthquake’s source from so- 
called body waves, which dive through the 
planet. But the InSight team has devised a 
workaround for Mars by relying on waves 
that vibrate along the surface. On Earth, fea- 
tures such as the oceans quickly dampen such 
waves. But on Mars, surface waves from big 
quakes should race around the planet mul- 
tiple times. By detecting surface waves from 
three different global paths, the researchers 
hope to pinpoint each tremor’s source, which 
will enable them to make sense of how the 
body waves it produces change speed or re- 
flect off structures in the interior. 

If all goes as hoped, the resulting seismic 
x-rays of Mars will reveal the dimensions of 
its crust, mantle, and core and any layering 
within them. A thick crust would mean that 
Mars melted thoroughly at its start, allow- 
ing larger amounts of less dense minerals to 
rise and collect at the surface. Banerdt says 
a thick crust, resistant to fracturing into 
plates, would also suggest that Mars never 
had plate tectonics. 

If InSight survives until 2021, a second 
seismic station could join it and corroborate 
its readings: an instrument mounted on the 
landing platform for Europe’s ExoMars rover. 
But even by itself, InSight is a boon, says 
Yosio Nakamura, a planetary seismologist 
at the University of Texas in Austin, who 
started his career working on Apollo. “A 
single station is much, much better than no 
station at all.” 
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Department of State’s air 
pollution sensors go global 


Fine-particle sentinels prod governments to curb emissions 


By Eli Kintisch 


n October 2010, as heavy smog hung over 

Beijing, the U.S. embassy’s Twitter feed 

said its rooftop pollution sensor had de- 

tected “crazy bad” levels of hazardous 

microparticles. So-called PM2.5 had shot 

up to about 550 micrograms per cubic 
meter—a level to which programmers had 
given the sardonic label because they thought 
it would never be reached. The undiplomatic 
language ruffled feathers in Beijing; embassy 
staff apologized, deleted the tweet, and re- 
placed the label with “beyond index.” 

Yet that incident and others like it spurred 
public complaints that eventually elicited 
more aggressive efforts to tame the pollution. 
By now, rooftop sensors like those that drew 
attention to Beijing’s pollution sprout from 


Winters of discontent 


In 2016, as in previous years, the U.S. embassy’s sen- 
sor in Beijing tracked a surge in PM2.5 late in the year. 
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26 diplomatic posts in 16 countries. Their 
immediate goal is to protect the health of 
U.S. diplomats. But they are raising concerns 
about air pollution from Sarajevo to New 
Delhi and supplying data to research efforts. 
The “little-air-monitor-that-could,’ as physi- 
cist and former U.S. diplomat David Roberts 
calls it, has become a worldwide watchdog. 
The first Beijing sensor, installed a decade 
ago, was meant to provide warnings of bad- 
air days to US. citizens. The fine particles it 
measures, mostly residues of coal burning 
and vehicle emissions, are linked to respira- 
tory and heart disease. Third party apps made 
the readings widely available to Chinese who 
wanted to monitor PM2.5—and got little in- 
formation from their own government. 
China had been struggling to rein in air 
pollution ever since the late 1990s, after Bei- 
jing won the bid for the 2008 Olympics. But 
officials were embarrassed by the slow prog- 
ress that the sensor readings highlighted, 
especially when the U.S. data undercut the 
Beijing government’s rosy pronouncements 
of “blue sky” days, when pollution suppos- 
edly fell. Officials demanded that the embassy 
stop releasing the data. “We said we couldn't, 
since the data regarded the health of US. citi- 
zens,’ recalls Gary Locke, who served as am- 
bassador to China from 2011 to 2014. 

Beijing officials also challenged the use- 
fulness of the U.S. data, pointing out, for in- 
stance, that the embassy sensor was in only 
one location and therefore could be giving an 
incomplete picture. In response, the embassy 
teamed up with U.S. Environmental Protec- 
tion Agency (EPA) scientists to validate the 
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The U.S. embassy’s hourly smog updates have irked 
Beijing officials—and spurred mitigation measures. 


results. “Since we were being criticized, we 
wanted to make sure we were doing it cor- 
rectly,’ says Erica Thomas, a Department of 
State official who led air monitoring at the 
embassy in Beijing from 2010 to 2014. 

Tensions came to a head in late 2011, when 
Beijing’s smog got so bad that its airport 
canceled hundreds of flights. Based on moni- 
toring of larger particles, municipal authori- 
ties insisted that the air was only “slightly 
polluted’—provoking ridicule from bloggers 
citing U.S. data. “It was the straw that broke 
the camel’s back,” says Angel Hsu of Yale Uni- 
versity, an expert on pollution in China. Days 
later, China proposed new air quality stan- 
dards that included PM2.5 for the first time. 
It now runs the biggest PM2.5 monitoring 
system in the world. 

The Department of State, too, expanded 
its PM2.5 monitoring efforts, first within 
China and then around the world, and is us- 
ing the sensors for research as well. Drawing 
on PM2.5 data from five diplomatic posts in 
China, a 2015 study in Atmospheric Environ- 
ment revealed previously unknown varia- 
tions in PM2.5 levels; for instance, in Beijing 
the particles tended to peak around midnight 
and bottom out in spring, because of weather 
patterns. And the U.S. embassy in Sarajevo is 
now testing cheaper sensors with an aim of 
deploying them “in different pollution envi- 
ronments,’ says Caroline D’Angelo, who runs 
the Department of State’s monitoring net- 
work in Washington, D.C. 

Findings are radiating into other disci- 
plines. During a stint at the U.S. consulate in 
Sao Paulo, Brazil, Tommy Flynn, a program 
manager with the South Carolina Depart- 
ment of Health and Environmental Control, 
is providing technical assistance on the mon- 
itors. But he has also learned from the con- 
sulate’s practice of distributing filter masks to 
high-risk groups during ultra-high-pollution 
events. That’s a lesson, he says, that could be 
applied in South Carolina during forest fires. 
And scientists from NASA and the World 
Bank are using embassy PM2.5 data, now 
posted on EPA’s AirNOW monitoring web- 
site, to groundtruth satellite measurements 
of pollution, filling in gaps in the global map 
of reliable air quality measurements. 

The U.S. sensors continue to serve as a 
diplomatic cudgel, as well. In India, where 
air pollution in New Delhi and other cities 
has skyrocketed, “the data has flowed from 
the embassy to the media and then created 
outcry,’ says Christa Hasenkopf, a former De- 
partment of State official who now runs the 
air pollution nonprofit OpenAQ in Washing- 
ton, D.C. As Locke says, the monitoring pro- 
gram “has taken on a life its own.” 
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Cannabis, opium use part of 
ancient Near Eastern cultures 


Growing body of data suggests ritual drug use by ancient 
Mesopotamians, Cypriots, and others 


By Andrew Lawler, in Munich, Germany 


or as long as there has been civi- 
lization, there have been mind- 
altering drugs. Alcohol was distilled 
at least 10,000 years ago in the Fer- 
tile Crescent, about the same time 
that agriculture took hold there. Else- 
where, for example in Mesoamerica, other 
psychoactive drugs were an important part 
of culture. But the ancient Near East had 
seemed curiously drug-free—until recently. 

Now, new techniques for analyzing 
residues in excavated jars and identify- 
ing tiny amounts of plant material sug- 
gest that ancient Near 
Easterners indulged in 
a range of psychoactive 
substances. Recent ad- 
vances in _ identifying 
traces of organic fats, 
waxes, and resins in- 
visible to the eye have 
allowed scientists to 
pinpoint the presence of 
various substances with 
a degree of accuracy un- 
thinkable a decade or 
two ago. 

For example, “hard 
scientific evidence” shows that ancient 
people extracted opium from poppies, says 
David Collard, senior archaeologist at Ja- 
cobs, an engineering firm in Melbourne, 
Australia, who found signs of ritual opium 
use on Cyprus dating back more than 3000 
years. By then, drugs like cannabis had ar- 
rived in Mesopotamia, while people from 
Turkey to Egypt experimented with local 
substances such as blue water lily. 

Some senior researchers are still dubi- 
ous, pointing out that ancient texts are 
mostly silent on such substances. Others 
consider the topic “unworthy of scholarly 
attention,’ Collard says. “The archaeo- 
logy of the ancient Near East is tradition- 
ally conservative.” 

But the work is prompting fresh think- 
ing on the relationship between substances 
and societies. At the International Con- 
gress on the Archaeology of the Ancient 
Near East here last week, for example, one 
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Cypriot jugs were crafted in the shape of 
the poppy seed pod 3000 years ago. 


scholar even reinterpreted well-studied an- 
cient images as representing drug-taking 
rituals and drug-induced distortions. 

Drug use almost certainly began in pre- 
history and spread with migrations. For 
example, the Yamnaya people, who swept 
out of Central Asia about 5000 years ago 
and left their genes in most living Europe- 
ans and South Asians (see p. 252), appear 
to have carried cannabis to Europe and 
the Middle East. In 2016, a team from the 
German Archaeological Institute and the 
Free University, both in Berlin, found resi- 
dues and botanical remains of the plant, 
which originates in East and Central Asia, 
at Yamnaya sites across 
Eurasia. It’s difficult to 
know whether the Yam- 
naya used cannabis sim- 
ply to make hemp for 
rope or also smoked or 
ingested it. But some an- 
cient people did inhale: 
Digs in the Caucasus 
have uncovered braziers 
containing seeds and 
charred remains of can- 
nabis dating to about 
3000 B.C.E. 

Once people orga- 
nized into city states, they may also have 
started large-scale production of pharma- 
ceuticals, says archaeologist Luca Peyronel 
of the International University of Lan- 
guages and Media in Milan, Italy. A decade 
ago, before the onset of Syria’s brutal civil 
war, he was part of a team that gathered 
samples from an unusual kitchen in a 
palace in the northwestern Syrian city of 
Ebla, which flourished 4 millennia ago on 
the outskirts of the Sumerian and Akka- 
dian empires. 

The room lacked the plant and animal 
remains typically associated with food 
preparation. But residue analyses on pots 
found there may explain the mystery, as 
Peyronel and his colleagues described in 
a paper last year: The researchers found 
traces of wild plants often used for medi- 
cine, such as poppy for opium to dull pain, 
heliotrope to fight viral infections, and 
chamomile to reduce inflammation. Given 
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that the space contained eight hearths and 
pots that could hold 40 to 70 liters, the 
drugs could have been made in large quan- 
tities, Peyronel says. 

Some of these extracts, such as opium, 
can induce hallucinations, although it’s un- 
clear whether the potions were used in rit- 
ual or medicine. The kitchen’s location near 
the heart of the palace suggests its products 
were used for ceremonial occasions, and 
cuneiform tablets from the building men- 
tion special priests associated with ritual 
beverages, Peyronel says. The distinction 
between medicine and mind-altering drug 
may have been lost on ancient peoples. “The 
two hypotheses are not necessarily at odds,” 
he adds. 

Three hundred kilometers due west and 
several centuries later, the ancient people 
of Cyprus used opium in religious ceremo- 
nies, Collard says. Residue analyses show 
that between 1600 and 1000 B.C.E., people 
poured opium alkaloids into pots crafted in 
the shape of the seed capsule of the opium 
poppy, in what Collard calls “prehistoric 
commodity branding.” All the jugs were 
found in temples and tombs, suggesting a 
role in ritual. Opium jugs made on Cyprus 
have been found in Egypt and the Levant— 
the first clear example of the international 
drug trade. 

Other substances less well known today 
may have played a role in healing or ecstatic 
rituals in the ancient Near East. When 
King Tutankhamun’s tomb, dating to the 
14th century B.C.E., was opened in 1922, 
archaeologists found the boy-king’s body 
covered with the flowers of blue water lily, 
a common motif in many Egyptian tomb 
paintings. Steeped in wine for several 
weeks, the plant yields a sedative that pro- 
duces a calm euphoria. 


Diana Stein, an archaeologist at Birkbeck 
University of London, claims archaeologists 
have long studied scenes of rituals involving 
drugs and their effects without realizing it. 
She argues that the banquet scenes that of- 
ten adorn small seals found Anatolia, Syria, 
Mesopotamia, and Iran actually show peo- 
ple imbibing psychoactive potions. Another 
common motif, interpreted as a scene of 
contest, may instead represent the internal 
conflict that results when the imbiber faces 
an alternative reality, Stein proposes. In 
these images, “everything is distorted and 
pulsing—but they certainly knew how to 
carve things realistically when they wanted 
to,” she said at the meeting here. 

“T find Diana’s arguments convincing and 
even energizing, as they open up a new av- 
enue for research,” says Megan Cifarelli, an 
art historian at Manhattanville College in 
Purchase, New York. 

But others are more cautious. “Scholars 
have tended to shy away from the possi- 
bility that the ancient Near Easterners 
partook of ‘recreational’ drugs, apart from 
alcohol, so it’s good that someone is brave 
enough to look into it,’ says archaeologist 
Glenn Schwartz at Johns Hopkins Univer- 
sity in Baltimore, Maryland. But he says 
Stein’s suggestions “seem to go too far on 
too little evidence,” a view echoed by many 
at the meeting. 

Collard, however, is confident that addi- 
tional residue and botanical analyses, along 
with study of iconography and texts, will 
gradually persuade skeptics. Cifarelli notes 
that the ancients likely used drugs not just 
to heal, but to forge sets of beliefs, and con- 
tact a spiritual realm where healing and 
religion were entwined. “Most of us,’ she 
says, “are so far removed from that kind of 
transformative magic.” 


Poppies, shown here with seed pods, have been used to produce opium in the Near East for some 5000 years. 
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Plan for 2020 
U.S. census is 
fatally flawed, 
critics say 


Using existing records to 
ensure accuracy is unlikely 
to succeed, experts predict 


By Jeffrey Mervis 


plan by Commerce Secretary Wilbur 
Ross to ensure a “complete and ac- 
curate” 2020 U.S. census is seriously 
flawed, former Census Bureau of- 
ficials and other experts in survey 
research charge. 

For critics, the problem is not simply 
Ross’s controversial, eleventh-hour decision 
last month to add a citizenship question to 
the decennial census, although civil rights 
groups, local and state governments, and 
business leaders believe the question will 
depress participation and jeopardize an ac- 
curate head count in 2020. It is also Ross’s 
plan to “maximize” the Census Bureau’s abil- 
ity to carry out the constitutionally man- 
dated count by using so-called administrative 
records, the massive amount of information 
that other government agencies already pos- 
sess on U.S. residents. But social scientists 
predict harnessing administrative records 
will be a mission impossible, at least in the 
2 years left before Census Day. 

“It would be incredibly challenging” to 
carry out Ross’s strategy, says Amy O’Hara, 
a senior research scholar at Stanford Univer- 
sity’s Institute for Economic Policy Research 
in Palo Alto, California, who until last fall 
managed the agency’s efforts to use adminis- 
trative records. And the barriers aren’t likely 
to be overcome before the census begins on 
1 April 2020, adds Hermann Habermann, 
a former deputy census director under 
President George W. Bush who’s now an oc- 
casional consultant to the Committee on Na- 
tional Statistics at the National Academies 
of Sciences, Engineering, and Medicine in 
Washington, D.C. “The process sounds easy 
to a layperson,” he says. “But it’s not.” 

On 26 March, Ross released an eight-page 
memo outlining the plan. It responded to a 
December 2017 request from the Department 
of Justice (DOJ) to add a question to the cen- 
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sus that would provide block-by-block infor- 
mation on citizenship. DOJ said the data are 
essential to prevent voter discrimination un- 
der the 1965 Voting Rights Act. 

Critics disagree, noting that previous ad- 
ministrations never needed such details to 
enforce the law. Instead, they believe the 
real purpose of the new question is to scare 
immigrant communities that traditionally 
have voted for Democrats away from par- 
ticipating in the census. If that happens, the 
resulting undercount could tilt the process 
of apportioning the 435 congressional seats 
in favor of Republicans. Some 17 states and 
seven cities have sued Ross and DOJ, argu- 
ing the move would “fatally undermine the 
accuracy” of an exercise that is also used to 
distribute some three-quarters of a trillion 
dollars annually in federal aid. 

In his memo, Ross states that he held “ex- 
tensive” conversations with outside experts 
before making his decision, who told him 
there is no evidence that a citizenship ques- 
tion would “materially” reduce response 
rates. That’s correct as far as it goes, says 
Habermann, one of the three anonymous ex- 
perts whom Ross cites. (Science was able to 
identify the experts because Ross used pre- 
vious or current job titles in his memo.) But 
Habermann says Ross is ignoring something 
even more important. 

“When someone wants to put a ques- 
tion on the census, there’s a high burden 
of proof that must be met about its value,” 
he says. “I told him that I don’t think the 
case has been made that [the question] is 
so important that it’s worth endangering 
this fragile instrument.” 

A second expert, Robert Groves, who led 
the Census Bureau during the 2010 census 
and who is now provost of Georgetown Uni- 
versity in Washington, D.C., has voiced a 
similar concern. In January, he was one of 
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five former census directors who urged Ross 
to reject DOJ’s request. “It is highly risky 
to ask untested questions,” Groves and the 
others wrote in a 26 January letter. “There 
is a great deal of evidence that even small 
changes in survey question order, word- 
ing, and instructions can have significant, 
and often unexpected, consequences for the 
rate, quality, and truthfulness of response.” 

The bureau typically conducts exhaustive 
testing before adding any question to the 


“When someone wants to 
put a question on the census, 
there’s a high burden of 
proof that must be met ...” 


Hermann Habermann, former census official 


decennial census, to ensure that the data are 
of the highest quality; such testing has never 
been applied to a question about citizenship. 
(The agency’s American Community Survey, 
which goes to some 3.5 million households 
annually, asks three citizenship questions 
that have been vetted.) 

Ross’s memo doesn’t address the problems 
associated with fielding an untested ques- 
tion. But he says administrative records will 
somehow allow the bureau to maintain qual- 
ity despite a lower response rate, which he 
concedes may occur. 

The reality, experts say, is that the bureau 
has yet to test the potential impact of us- 
ing more administrative records. In general, 
experts say they can help improve the ac- 
curacy of a count. For example, the Census 
Bureau can use postal or tax records to 
identify households not already in its mas- 
ter address file. Those addresses would then 
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New U.S. citizens celebrate at a naturalization 
ceremony last month. Asking about citizenship on 
the 2020 census has become a controversial topic. 


be targeted for follow-up mailings and, as 
a last resort, repeated knocks on the door. 
Administrative records can also be used 
to check whether the answers to a census 
survey are accurate, or to fill in a blank if 
respondents have skipped a question. 

But administrative records are not a gold 
standard. They may contain errors, or data 
at odds with what the Census Bureau has col- 
lected through its surveys. 

Ross’s memo is intended to jump-start the 
bureau’s use of administrative records. With 
respect to citizenship, O’Hara says, the first 
step might be to track down citizenship re- 
cords on individual U.S. residents at another 
federal agency or a commercial firm. Then 
the agency would have to negotiate a data- 
sharing agreement. Such negotiations can 
take many years, she notes. 

The next hurdle is to convert the data into 
a format that the Census Bureau can handle. 
O'Hara says, “I can’t estimate how difficult 
[harmonization] would be because these data 
have never been drawn together.” 

Moreover, citizenship data from another 
agency may not be up-to-date. The Social 
Security Administration, for example, asks 
people about citizenship when they apply for 
a number. (A noncitizen may be on a visa that 
allows them to work legally.) But although 
residents typically notify the agency about a 
change in marital status, for example, they 
are not required to inform the agency of a 
change in citizenship status. 

Another problem is what to do when the re- 
cords contain conflicting information about a 
person. Race is a good example, O’Hara says. 
“People respond differently to a question 
about race and ethnicity depending on how 
it’s asked,’ she notes. “And I think that inter- 
preting answers to a question about citizen- 
ship is likely to be even more complicated.” 

Multiple addresses in a file can also con- 
found the search for an individual, even 
if that person’s name and date of birth are 
known. For the census, O’Hara explains, “you 
need to be able to identify a person, at a par- 
ticular place, with certain attributes.” 

Congress will have several chances to ex- 
plore the agency’s plans for the 2020 census. 
Last week, census officials discussed the new 
question at a private meeting with a House 
of Representatives panel that oversees the 
census, and on 8 May they will reprise the 
conversation in public. Democrats on the cor- 
responding Senate panel have also asked for 
a chance to grill Ross. But unless Congress or 
the courts intervene, the impact of using ad- 
ministrative records may not be known until 
after the 2020 census is over. & 
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HUMAN EVOLUTION 


Ancient DNA untangles South Asian roots 


Study shores up steppe as long-sought Proto-Indo-European homeland 


By Lizzie Wade, in Austin 


oday, the population of South Asia is 

divided into dozens of ethnic, linguis- 

tic, and religious groups that live side 

by side—but not always in harmony. 

A contentious border separates India 

and Pakistan; political movements 
draw stark lines between India’s Muslim 
and Hindu populations. Groups don’t mix 
much, as people tend to marry those who 
share their ethnicity and tongue. 

Now, a study of the first ancient DNA re- 
covered from South Asia shows that popu- 
lations there mingled repeatedly thousands 
of years ago. Nearly all of the Indian sub- 
continent’s ethnic and linguis- 
tic groups are the product of 
three ancient Eurasian popula- 
tions who met and mixed: local 
hunter-gatherers, Middle East- 
ern farmers, and Central Asian 
herders. Three similar groups 
also mingled in ancient Europe, 
giving the two subcontinents 
surprisingly parallel histories. 

The study, presented here 
last week at the meeting of the 
American Association of Physi- 
cal Anthropologists and in a 
preprint on the bioRxiv server, 
sheds light on where these pop- 
ulations came from and when 
they arrived in South Asia. It 
also strengthens the claim that 
Proto-Indo-European (PIE)— 
the ancestral language that gave rise to mod- 
ern languages from English to Russian to 
Hindi—originated on the steppes of Asia. 

“It’s first-rate work,’ says Partha 
Majumder, a geneticist at the National In- 
stitute of Biomedical Genomics in Kalyani, 
India. He found hints of similar genetic pat- 
terns in his previous studies, but the addition 
of ancient DNA makes the new conclusions 
stronger, he says. “It’s absolutely stunning.” 

Priya Moorjani, a geneticist at the Univer- 
sity of California, Berkeley, studies how South 
Asian populations relate to each other and to 
others around the world. In previous work, 
she analyzed the genomes of nearly 600 mod- 
ern Indians and Pakistanis from 73 ethno- 
linguistic groups in South Asia. Her team 
found that almost all people living in India 
today carry ancestry from two ancient popu- 
lations: Ancestral North Indians, who were 
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more related to people from Central Asia, 
the Middle East, the Caucasus, and Europe; 
and Ancestral South Indians, who were 
more related to indigenous groups living in 
the subcontinent today. But without DNA 
from ancient people, Moorjani couldn’t be 
sure who gave rise to those ancestral popu- 
lations, or when. 

Moorjani, David Reich of Harvard Uni- 
versity, and Kumarasamy Thangaraj of the 
Centre for Cellular and Molecular Biology in 
Hyderabad, India, spent years searching for 
ancient DNA in South Asia, where hot cli- 
mates might degrade it. Finally, their team 
recovered and analyzed ancient genomes 
from 65 individuals who lived in northern 
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Three ancestral groups gave rise to the diverse people of South Asia today. 


Pakistan between 1200 B.C.E. and 1 C.E. They 
also analyzed 132 ancient genomes from Iran 
and southern Central Asia, and 165 from 
the steppes of Kazakhstan and Russia, and 
compared them with published ancient and 
modern genomes. These data allowed them 
to reconstruct when different populations ar- 
rived in South Asia and how they interacted. 

Between 4700 and 3000 B.C.E., farm- 
ers from Iran mixed with hunter-gatherers 
indigenous to South Asia, Moorjani said. 
This combination of ancestries was found 
in the DNA of skeletal remains from sites 
in Turkmenistan and Iran known to have 
been in contact with the Indus Valley civi- 
lization, which thrived in Pakistan and 
northwest India starting around 3300 B.C.E. 
(Science, 6 June 2008, p. 1276). The research- 
ers dub this population “Indus periphery.” The 
65 ancient people from Pakistan also show 
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this combination, although they all lived after 
the Indus civilization declined. The research- 
ers suspect that “Indus periphery” people ac- 
tually may have been the founders of Indus 
society, although without ancient DNA from 
Indus Valley burials, they can’t be sure. 

Still, Moorjani’s team sees this ancient 
mixture of Iranian farmers and South Asian 
hunter-gatherers all over South Asia today. 
As the Indus Valley civilization declined after 
1300 B.C.E., some Indus periphery individu- 
als moved south to mix with indigenous pop- 
ulations there, forming the Ancestral South 
Indian population, which today is more 
prominent in people who speak Dravidian 
languages such as Tamil and Kannada, and in 
those belonging to lower castes. 

Meanwhile, herders from the 
Eurasian steppe moved into 
the northern part of the sub- 
continent and mixed with In- 
dus periphery people still there, 
forming the Ancestral North In- 
dian population. Today, people 
who belong to higher castes 
and those who speak Indo- 
European languages such as 
Hindi and Urdu tend to have 
more of this ancestry. Shortly 
after, these two already mixed 
groups mixed with each other, 
giving rise to the populations 
living in India today. 

“Strikingly, this is very simi- 
lar to the pattern we see in Eu- 
rope,’ Moorjani said. Around 
7000 B.C.E., agriculture spread into both Eu- 
rope and South Asia with farmers from Ana- 
tolia and Iran, respectively, who each mixed 
with local hunter-gatherer populations. After 
about 3000 B.C.E., Yamnaya pastoralists from 
the Central Asian steppe swept both east and 
west, into Europe and South Asia, bringing 
the wheel and perhaps cannabis (see p. 249). 

Earlier genetic work had linked the ar- 
rival of these herders to the spread of Indo- 
European languages in Europe. But other 
researchers, including archaeologist Colin 
Renfrew of the University of Cambridge in 
the United Kingdom, had argued that the 
earlier Anatolian farmers were the original 
PIE speakers. The new data “make a strong 
case” for the Yamnaya as carriers of Indo- 
European languages, Renfrew says. But he 
still thinks Anatolian farmers could have spo- 
ken the earliest language in that family. @ 
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U.S. SCIENTIFIC WORKFORCE 


Proposal to rescue postdocs 
from limbo draws darts 


Expert panel offers mix of old and new ideas to help 
young biomedical researchers build stable careers 


By Michael Price 


n expert panel last week offered some 
new solutions to an old problem in U.S. 
biomedical research: too many young 
scientists vying for scarce academic 
research jobs and stable funding. Al- 
though many of its recommendations 
echo past proposals that have largely failed 
to gain traction, a few—including one to limit 
postdoctoral researchers to receiving just 3 
years of funding from their principal investi- 
gators (PIs), and another to create a new fed- 
eral oversight council—are catalyzing debate. 
Two statistics highlight the “fissures and 
areas of stress” facing young biomedical re- 
searchers trained in the United States, sug- 
gests the panel assembled by the National 
Academies of Sciences, Engineering, and 
Medicine (NASEM) in Washington, D.C. In 
1973, more than half of those who earned 
a biomedical science Ph.D. were employed 
in a tenured or tenure-track position within 
6 to 10 years of completing their degree. 
Today, that number is less than one-fifth. 
And the average age at which a researcher 
wins their first major grant from the Na- 
tional Institutes of Health (NIH) has risen 
from 36 in 1980 to 43 in 2016 (see graphic, 
right). Such trends have helped create “a 
research career path that is increasingly 
unattractive,’ the report notes, and causes 
many hopeful scientists to languish in rela- 
tively poorly paid postdoc positions with 
little chance of reaching the tenure track. 
To fix the problems, the panel offers more 
than a dozen major recommendations aimed 
at Congress, research funders, and academic 
institutions. Most radically, it asks NIH to de- 
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velop policies that would limit a postdoc to 
receiving just 3 years of funding from their 
PI’s research grants. The problem with cur- 
rent practices, the panel says, is that they en- 
courage some PIs to view postdocs primarily 
as labor and provide little career mentoring. 
To prevent such limbo, the panel recom- 
mends a three-pronged approach. The 3-year 
funding cap would spur postdocs to demon- 
strate whether they are able to win funding 
for independent research. The second prong 
would quintuple within 5 years the number 
of certain kinds of grants that allow young 
scientists to develop greater autonomy, in- 
creasing their chance of success. A third 
prong would create a greater number of 
better-paid, nontenured staff scientist posi- 
tions. That could allow PIs to offer stable 
jobs to talented researchers who don’t find 
tenure-track jobs or independent funding. 
The committee also recommends raising 
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Winning an academic position and stable funding 
can be an uphill climb for young scientists. 


NIH’s fellowship salaries—on which many 
universities base their own postdoc pay— 
which would discourage PIs from seeing post- 
docs as a source of cheap labor, and suggests 
universities regularly share data on career 
outcomes. And it calls on federal lawmakers 
to charter a new Biomedical Research En- 
terprise Council (BREC) that would include 
representatives from an array of stakehold- 
ers. The panel says the BREC could serve as 
a forum for figuring out how to implement 
the report’s recommendations, which it esti- 
mates could cost $1 billion over 5 years. 

Although it is not clear whether Congress 
would give such a body enough authority to 
be effective, creating the BREC could be “a 
good step forward as a policy process,” says 
Hal Salzman, a science and engineering 
workforce researcher at Rutgers University 
in New Brunswick, New Jersey. But Gregory 
Petsko, a neuroscientist at Weill Cornell Med- 
icine in New York City and chair of a similar 
2014 NASEM report, is skeptical that it would 
carry much weight. “I’d love to be wrong,” he 
says. “I’m not opposed to it as an experiment.” 

The proposed 3-year cap has drawn fiercer 
opposition. Michael Baym, a bioinformatics 
researcher at Harvard Medical School in 
Boston, says such a cap would have prema- 
turely ended his career. “This would have ef- 
fectively kicked me out of a postdoc” before 
he established himself, he tweeted. 

Mark Peifer, a cell biologist at the Univer- 
sity of North Carolina in Chapel Hill, says 
that if the rule were in place now, he would 
have to let go of two of his promising post- 
docs, who he believes will ultimately win 
academic jobs. And he resents the implica- 
tion that PIs aren’t doing enough to help 
postdocs prepare for a variety of careers. 
“That may be the case at large labs with lots 
of postdocs,” he says. “But at most small and 
medium-size labs, we’re already mentoring 
[and] tracking career outcomes.” Still, Peifer 
says a funding cap is needed, but believes 
5 or 6 years is more realistic. 

Others worry an arbitrary time limit on 
funding will hurt postdocs involved in long- 
term studies, or those who need to take 
time off for medical or family leave. 

Postdocs shouldn’t worry about a rapid 
change, says biologist Jessica Polka, a mem- 
ber of the NASEM panel and director of 
ASAPBio, based in California. She notes 
that the report recommends that the cap be 
implemented “only after one [or] more pilot 
studies, so that deleterious consequences ... 
can be understood and mitigated.” 


Michael Price is a freelance journalist in 
San Diego, California. 
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OMEN IN THE 


BLOOD 


A protein marker 
predicts health crises— 
but can it cause them? 


By Stephen S. Hall 


ick Henry first experienced the 
symptoms of kidney disease in 
2004, shortly after the 19-year- 
old had a severe reaction to a 
spider bite. “I woke up one morn- 
ing, and I was just swollen from 
head to toe,” he recalls. But doc- 
tors managed Henry’s disease, 
allowing him to return to his un- 
usually active lifestyle—including baseball, 
softball, basketball, flag football, golf, and 
fishing—in his northeast Louisiana home- 
town of West Monroe. Shortly after he wit- 
nessed the death of his mother in a motor 
scooter accident in 2012, however, Henry’s 
renal health took a dramatic turn for the 
worse. “It’s almost as if my body went into 
shock,” he says. “Within a couple months, 
boom, I started swelling up again.” 

That swelling was a sign that his kidneys 
were no longer working normally. A biopsy 
confirmed that he had focal segmental glomer- 
ulosclerosis (FSGS), a severe form of kidney 
disease. In FSGS, the kidney’s glomeruli—the 
microscopic filtration units that sieve excess 
fluid and waste products from the blood— 
become overly leaky; essential proteins such 
as albumin seep out, disrupting blood chem- 
istry and causing fluid to leak from the blood 
vessels into tissues throughout the body. 
Henry’s condition deteriorated so rapidly 
that by July 2014, his doctors in Shreveport, 
Louisiana, decided to remove both diseased 
kidneys. The next month, Henry received a 
transplanted kidney from his identical twin, 
Nate, who was healthy, even though FSGS 
can be genetic in origin. 

Within a day of the transplant, however, 
Henry felt like the swelling was coming 
back. At first, his doctors reassured him that 


Nick Henry had a kidney transplant, 
but his new organ quickly deteriorated, 
and he spends his nights on dialysis. 
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he was doing fine. “Once they checked my 
urine, saw me spilling a bunch of protein 
again,” he says, “they realized [FSGS] was 
attacking the new kidney.” Three days after 
the surgery, Henry’s doctors conceded that 
the newly transplanted kidney had already 
become diseased. His transplant doctor, 
Neeraj Singh of Louisiana State University 
in Shreveport, says the recurrence was “one 
of the most dramatic cases I’ve seen.” 

The sudden failure of Henry’s new kidney 
is arecent chapter in a long-running medical 
mystery, dating to when kidney transplants 
became routine in the 1970s. Up to 30% of 
transplanted kidneys fail in FSGS patients— 
not because of immune rejection by the body, 
as doctors first suspected, but because the 
new organ immediately begins succumbing 
to the same disease process that ravaged the 
original ones. As he struggled to 
cope with that devastating turn 
of events (and relied on dialysis 
to stay alive), Henry traveled to 
Chicago, Illinois, to consult with 
Jochen Reiser, a kidney disease 
specialist who is chairperson of 
internal medicine at Rush Uni- 
versity Medical Center there. 

Ever since he learned about 
such transplant failures 2 de- 
cades earlier, Reiser has been 
convinced that “there is some- 
thing in the blood circulating 
that attacks the kidney. And we 
were out to catch that.’ What 
he and colleagues claim to have 
“caught, in an elegant but still 
unfolding story of molecular 
detective work over the past 
10 years, is a protein known as 
soluble urokinase plasmino- 
gen activator receptor (suPAR). 
When Reiser analyzed blood 
samples from the Henry twins, 
the results aligned with the 
message he has been preaching 
with evangelical fervor for years. 
Nate, the healthy brother, had 
relatively low levels of suPAR; 
Nick’s were high—a driving force, Reiser be- 
lieves, of his kidney failure. 

Chronic kidney disease affects 14% of the 
US. population, with estimates suggesting 
nearly 600 million people affected world- 
wide. The disease steadily erodes the kid- 
neys’ ability to filter the blood, often leading 
to cardiovascular disease and premature 
death. Kidney disease—which can directly 
attack the filtration process, as in FSGS, or 
damage the kidney’s support structure—is 
particularly insidious because by the time 
the first diagnostic signs appear, patients 
have irreversibly “burned off” much of their 
kidney function. Historically, the leading risk 
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factors have been high blood pressure, diabe- 
tes, and African-American ancestry. (Several 
mutations associated with increased risk are 
more common in African-Americans.) 

But research by Reiser and others has 
dramatically challenged that traditional 
picture of risk. If suPAR levels are low, 
people with the high-risk genes are no more 
likely to develop kidney disease than people 
without those gene variants, Reiser says. If 
suPAR levels are high, people are at greater 
risk of developing the disease regardless of 
whether they have the mutations. 

Molecular studies in animals as well as 
a growing number of analyses of large hu- 
man populations associating suPAR with 
kidney disease have bolstered his confi- 
dence—and convinced him the disease 
could be treated by suppressing suPAR. 


Some other researchers aren’t convinced, 
noting that several clinical studies found 
no clear association between suPAR levels 
and FSGS. But on both sides of the de- 
bate there is widespread fascination with 
suPAR, a ubiquitous, Zelig-like bystander 
molecule that, at elevated levels in the 
blood, seems to presage many health ca- 
lamities, such as heart attacks, diabetes, 
and premature death. Whatever suPAR’s 
precise role in kidney disease, the molecule 
appears to be a potent signal broadcast by 
an immune system under siege. It is exqui- 
sitely sensitive to inflammation, an accel- 
erant for many diseases. 
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“What is inflammation?” asks biochemist 
Jesper Eugen-Olsen of the University of 
Copenhagen, a pioneer in suPAR research. 
“Tt’s the language of cells. It’s how cells com- 
municate with each other. When something 
is going wrong, the immune system is acti- 
vated. It produces suPAR ... and suPAR is a 
voice that just shouts, ‘Get on with it! Some- 
thing is going on!’” 


IN NEITHER BACKGROUND nor appearance 
does Reiser conform with the public im- 
age of the director of a major metropoli- 
tan medical center. His 10th floor office at 
Rush sits just behind a corridor lined with 
photographs of hospital administrators go- 
ing back to the 19th century—stern-faced, 
all-knowing medical patriarchs. Inside, 
Reiser, 46, sports a stylish striped blue suit, 


Nate Henry (right), Nick’s identical twin, is healthy. Nick’s high levels of a molecule called suPAR may explain his illness. 


fashionably stubby beard, red socks, and 
slick dark hair. Known among colleagues 
as ambitious and scientifically gregarious, 
he has been eager to collaborate with any- 
one interested in exploring suPAR biology, 
and his brash, full-on style extends to the 
conspicuous display of large-format books 
celebrating the history of Aston Martins (he 
owns one) and Porsches on the coffee table 
in his office. Describing the speed of data 
collection for a paper that several years ago 
ended up in The New England Journal of 
Medicine (NEJM), he says, “It was like going 
from zero to 200 in no time,” adding sheep- 
ishly, “Car analogy.” 
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Born and raised in the small German vil- 
lage of Remchingen, on the eastern edge 
of the Black Forest, Reiser got his medical 
degree and Ph.D. from Heidelberg Univer- 
sity and did an overseas residency at Albert 
Einstein College of Medicine in New York 
City. Specializing in kidney disease, he went 
on to conduct research at Harvard Medi- 
cal School in Boston and became chief of 
nephrology at the University of Miami 
Leonard M. Miller School of Medicine in 
Florida before being hired by Rush in 2012. 

Reiser’s arrival in the United States in 
1999 coincided with renewed interest in 
solving the mystery of why up to 30% of 
FSGS patients who receive transplants 
see the disease recur in the new kidney. 
Just 3 years earlier, a group headed by 
Flavio Vincenti, a transplant specialist at 
the University of California, San 
Francisco (UCSF), and Virginia Savin, 
at the Medical College of Wisconsin 
in Milwaukee, announced a major 
clue. They reported in NEJM that 
they had amassed evidence for an 
FSGS-promoting factor in the blood 
of transplant recipients who'd expe- 
rienced recurrences; they couldn’t 
isolate the exact protein, but when 
colleagues later injected an extract of such 
patients’ blood into rodents, the animals’ 
kidneys became permeable and spilled pro- 
tein in the urine. That mysterious “perme- 
ability factor” became “the holy grail” of the 
field, according to Sanja Sever, a molecular 
biologist who studies kidney disease at Mas- 
sachusetts General Hospital in Boston. 

While still in Germany, Reiser had 
trained his research efforts on a unique 
renal cell called the podocyte (so named 
because of its amoebic, faintly footlike 
extensions). That choice turned out to be 
fortunate. The kidney has about 1 mil- 
lion glomeruli, and in each one, hundreds 
of podocytes bridge the gap between the 
bloodstream and the urinary system. 
Their footlike extensions wrap around 
capillaries snaking through the kidneys 
and, along with two other layers of tissue, 
form a physical mesh of cells, like a three- 
ply screen door, that allows only small 
molecules—sodium ions, potassium ions, 
and metabolic wastes—to pass into the 
urinary tract. When the podocytes become 
damaged, however, they essentially lose 
their architectural integrity. The kidney fil- 
ters then become leaky, allowing larger es- 
sential proteins such as albumin to escape 
from the blood and pass into the urine. 

It’s like a coffee filter, Sever says. “If 
there are holes in your filter, then you 
get some coffee grounds in your urine.” 
Podocyte damage can be reversed early in 
kidney disease. But, she says, “If you keep 
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losing them, there’s a point of no return. ... 
You are basically walking toward end-stage 
renal disease.” 

What causes such damage? Reiser sus- 
pected that the mysterious blood-borne 
factor disrupts podocytes through receptor 
molecules on their cell surface. He focused 
on one: B,-integrin, a molecule whose ac- 
tivation perturbs the shape and motility 
of cells. When he looked for the molecular 
key that turned the lock of the integrin re- 
ceptor, he discovered that oncologists had 
already been working on one such protein, 
urokinase PAR (uPAR), a cell surface recep- 
tor that plays a role in cancer metastasis. 
Reiser became even more intrigued when 
he learned that uPAR can be cleaved from 
cell surfaces and circulate in the blood—at 
which point it becomes a soluble cousin 


“The data gets stronger and stronger 
that suPAR is the worst toxin you can 
have for the kidneys.” 


Jochen Reiser, Rush University Medical Center 


known as suPAR. Maybe suPAR was the 
mysterious kidney-destroying factor. 

In 2011, Reiser and colleagues reported in 
Nature Medicine that in cell culture, suPAR 
damaged human podocytes through the 
integrin pathway. The researchers supple- 
mented that evidence with three mouse 
models showing that rodents with elevated 
levels of suPAR suffered kidney damage, 
although sometimes more slowly than in 
FSGS. With human clinical data suggest- 
ing that elevated suPAR levels correlated 
with the recurrence of FSGS in patients, a 
picture emerged in which the protein trig- 
gers a pathogenic process that ultimately 
produces holes in the coffee filter, leading 
to kidney disease. 

The findings both electrified and polar- 
ized the nephrology community. In a com- 
mentary for Nature Medicine, Martin Pollak 
of Harvard Medical School, who studies the 
genetics of kidney disease, and nephrologist 
Stuart Shankland of the University of Wash- 
ington in Seattle described the findings as 
“paradigm shifting for our understanding 
of the pathogenesis of FSGS.” 

But some groups could not find the same 
clinical association between suPAR levels 
and recurrent disease in FSGS patients, and 
other groups questioned the protocol and 
interpretation of the animal models. And re- 
gardless of whether suPAR actually destroys 
the kidney, many nephrologists thought its 
levels were not very informative—by the 
time those specialists saw patients with 
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kidney disease, suPAR levels were already 
high and offered no prognostic value. With 
Reiser claiming to have found the “holy 
grail” even as several groups were reporting 
discordant results, says one source, “People 
felt very emotional.” 


BY THAT POINT, another key strand of the su- 
PAR story had emerged in Europe. There, 
the focus was on the molecule as a potential 
biomarker for a range of diseases. 

The first clues came from AIDS patients. In 
Copenhagen, Eugen-Olsen and others exam- 
ined blood collected from more than 300 HIV 
patients in the early 1990s, before life-saving 
antiretroviral therapies became available. All 
those patients had died, but a retrospective 
analysis showed their suPAR levels eerily 
correlated with disease progression: Higher 
levels were associated with an earlier 
death. Eugen-Olsen then spent several 
years collaborating with a hospital in 
the West African nation of Guinea- 
Bissau, testing suPAR levels in pa- 
tients suspected of being HIV-infected. 
Again, higher suPAR levels predicted 
a quicker death among the infected. 
Surprisingly, however, suPAR also pre- 
dicted mortality in patients who didn’t 
have AIDS; many turned out to have tuber- 
culosis. That finding led him to hypothesize 
that suPAR might be a more general bio- 
marker for chronic inflammation. 

In 2001, Eugen-Olsen founded the com- 
pany ViroGates, which began to manufac- 
ture a relatively inexpensive test to measure 
suPAR levels in the blood. With the test in 
hand, he and colleagues in Copenhagen be- 
gan to look at collections of blood samples 
banked in large-cohort prospective studies. 
In one called MONICA, which monitored 
healthy members of the Danish population 
for about 13 years, elevated levels of suPAR 
were associated with a higher risk of cardio- 
vascular disease, type 2 diabetes, cancer, and 
premature death. Two other large European 
populations, enrolled in the Malmo Diet and 
Cancer Study and the Danish Inter99 Study, 
showed similar associations. 

The findings caught the attention of re- 
searchers at Emory University School of 
Medicine in Atlanta who had been looking 
for new and better biomarkers to predict 
risk of adverse cardiac events in people with 
heart disease. The researchers had built the 
Emory Cardiovascular Biobank with serum 
from several thousand patients. “We draw 
blood, and we follow them for years,” says 
Salim Hayek, a physician and research fel- 
low at Emory. When two of Hayek’s col- 
leagues, Danny Eapen and Arshed Quyyumi, 
delved into the biobank, they found that 
higher suPAR levels predicted heart attacks 
and death, as they reported in the Jowrnal 
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of the American Heart Association in 2014. 
(At the annual meeting of the American 
College of Cardiology last month, Hayek 
presented further evidence from the Emory 
group, suggesting that suPAR is a better 
predictor of cardiac events including heart 
attacks and death than any other biomarker 
in widespread clinical use.) 

In addition to serving as an omen of ill 
health, suPAR seems to be a remarkably 
sensitive indicator of lifestyle insults. Stud- 
ies have shown that the protein’s blood 
levels typically rise with obesity and with 
smoking. (Eugen-Olsen, an _ inveterate 
smoker, confesses that he quits when his su- 
PAR levels rise and resumes when they sub- 
side again.) “Just looking at the data,’ Hayek 
says, “clearly the environment is a much 
larger contributor to suPAR than genetics.” 

With its links to multiple diseases and en- 
vironmental stresses, suPAR appears to sit 
at the nexus of immune signaling, chronic 
inflammation, and tissue damage. Among 
the protein’s normal sources are fat cells, 
immune cells, and endothelial cells, which 
produce low baseline levels. But a team led 
by Reiser and David Scadden of the Harvard 
Stem Cell Institute showed in 2017 that in 
mice, immature “stemlike” cells in the bone 
marrow can release a pulse of suPAR when 
the immune system detects an attack. 

Reiser believes suPAR is an ancient and 
unspecific way for the immune system 
to send urgent signals to the major organ 
systems when an organism faces a severe 
challenge from disease or the environment. 
Kidney damage, he says, is the long-term 
cost of that vital signaling mechanism. “As 
one example,” he says, “you get infected, you 
release more suPAR, you open your kidneys 
up, and you can dump the big molecules out 
into the urine. Almost like a primitive cou- 
pling of the immune system to vital organs.” 
In an acute infection, he says, the body ur- 
gently needs to flush out bacterial toxins, 
relatively big molecules. But if that inflam- 
matory signaling becomes chronic, it takes 
its toll on kidney function—a trade-off that 
may have been acceptable earlier in human 
history, Reiser suggests, but is less so now. 
“Tf you live 40 years long, you can burn off 
the kidney this way, no problem,” he says. 
“Tf you live to be 80, 90, 100, you might burn 
off your kidneys too soon.” 

For Reiser, the Emory cardiac biobank 
offered a chance to put to rest the notion 
that high levels of suPAR are simply a non- 
specific sign of failing kidneys, not a cause. 
When he saw the 2014 heart risk paper 
from the Emory group, he had the obvious 
question: Could the large databank show 
whether suPAR levels predicted the onset of 
kidney disease years later? He immediately 
fired off an email to Hayek. 
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An organ under attack 

In one scenario for a severe form of kidney disease, a blood-borne molecule called soluble urokinase 
plasminogen activator receptor (suPAR) disrupts the organ’s filtration units, or glomeruli, 

which remove waste and fluid from the bloodstream. Other molecules may intensify this attack. 
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slits form a fine mesh that allows only small molecules 
to escape from the bloodstream into the urine. 
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allows large proteins such as albumin to leak into 
the urine—a sign of kidney disease. 
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The Emory-based group quickly agreed 
to conduct follow-up renal examinations in 
more than 1300 patients who had no evi- 
dence of kidney dysfunction when they en- 
rolled. The team found a strong link between 
high suPAR levels and the later development 
of kidney disease. For patients with the high- 
est levels of suPAR, the risk was three times 
that of patients in the lowest group, and su- 
PAR levels could predict kidney disease up to 
5 years before the first symptoms appeared. 
“The effect was huge,” Hayek recalls. 

The association was so robust, he says, 
that when the group first submitted its 
findings for publication, “the first response 
we got from [VEJM] was: ‘How is that as- 
sociation so strong? Is that real? Something 
is wrong with your cohort.” But after Hayek 
and Reiser found the same association in 


University School of Medicine in Balti- 
more, Maryland, to compare the influence 
of suPAR and two gene mutations known 
to predispose African-Americans to kidney 
disease. A study of about 600 participants 
revealed that if suPAR levels remain low, 
“no notable differences” in kidney dys- 
function were apparent between people 
who had the high-risk “disease genes” and 
people who did not. Conversely, high levels 
of suPAR strongly predicted kidney disease 
in African-Americans, regardless of whether 
the individual had the genetic variants. 


YET NEPHROLOGISTS are still divided 
about whether suPAR actually attacks the 
kidneys—and if so, how aggressively. Doubt- 
ers point to the conflicting clinical results 
and the slow progress of kidney damage in 


Jochen Reiser has spent years amassing evidence that suPAR mounts a powerful assault on the kidney. 


a second, unrelated cohort—the Women’s 
Interagency HIV Study—NEJM published 
their findings in 2015. “In that paper,’ 
Reiser says, “we could show that suPAR is 
the strongest risk factor known in healthy 
people for new chronic kidney disease. 
Even stronger than hypertension, diabetes, 
black race—all of these risk factors that are 
known to be strong. When you adjust for 
those, suPAR had the strongest risk.” 

In the latest piece of evidence, published 
last summer in Nature Medicine, Reiser 
collaborated with researchers at the Af- 
rican American Study of Kidney Disease 
and Hypertension, based at Johns Hopkins 
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Reiser’s mice with elevated suPAR levels. 
The original 2011 animal and clinical data 
are “as complete as you can get,’ Vincenti 
says. “But at some point, there has to be in- 
dependent duplication of that data.” 
Several unresolved issues might explain 
the discrepancies. Different forms of suPAR 
can circulate in the blood, and some vari- 
ants might be more pathogenic than whole 
suPAR. And a team led by Minnie Sarwal of 
UCSF, Dany Anglicheau of Necker Hospital 
in Paris, and Reiser has shown that in FSGS, 
a second blood-borne factor, an anti-CD40 
autoantibody, works with suPAR to attack 
podocytes. “Everyone agrees it’s more com- 
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plicated” than the initial findings in 2011 sug- 
gested, Reiser concedes. “But meanwhile, the 
data gets stronger and stronger that suPAR is 
the worst toxin you can have for the kidneys.” 

The controversy may not be resolved to 
everyone's satisfaction until a human trial 
indisputably shows that removing suPAR 
cures or slows the progression of kidney 
disease. Several groups are trying to develop 
a monoclonal antibody drug that would 
remove suPAR from the blood. One such 
group is Trisaq, a company Reiser and Sever 
founded in 2011. Vincenti said his group also 
has developed monoclonal antibodies to su- 
PAR for clinical testing. “I was excited to try 
it in patients,” he says. “But we could not 
demonstrate, at least in our samples, that 
suPAR was a biomarker for either FSGS or 
recurrent FSGS. [That’s] held it back.” 

The first human proof may come not from 
a drug, but from a medical device. Miltenyi 
Biotec, a company in Bergisch Gladbach, 
Germany, makes apheresis devices, which 
remove substances from plasma, and it is 
developing a technology that would selec- 
tively scrub suPAR out of patients’ blood. 
“The key question,’ notes CEO Stefan 
Miltenyi, “is if suPAR is the cause [of] re- 
nal diseases or just a bystander molecule.” 
Miltenyi hopes to launch a clinical trial 
in 2019. 

For FSGS patients such as Henry, who re- 
lies on 8-hour overnight sessions of dialysis 
to stay alive, a breakthrough therapy can’t 
come soon enough. But suPAR is already be- 
ginning to influence clinical decisions. Singh, 
Henry’s transplant physician, has used su- 
PAR levels to manage the care of several kid- 
ney patients. And since 2013, every patient 
arriving at the emergency department at Co- 
penhagen University Hospital Hvidovre has 
undergone suPAR testing to help physicians 
make triage and discharge decisions. 


REISER OFTEN LIKENS suPAR to cholesterol— 
a key marker and disease-associated mol- 
ecule that can be monitored and, perhaps, 
ultimately controlled. But the main lesson 
of suPAR, he believes, is cautionary in an 
age of genomics and personalized medicine. 
Although a huge amount of attention (and 
government coin) has been devoted to iden- 
tifying genes associated with disease, the 
environment can sometimes trump them. “I 
think that the gene adds to the risk profile— 
it’s part of the picture,’ he concedes. “But 
the environment is a way-underestimated 
modifier that becomes way more important, 
quite frankly, than the underlying gene 
event. And this is ... a beautiful illustration 
of exactly that principle.” = 


Stephen S. Hall is a science journalist in 
New York City. 
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Risk-based reboot for global lab biosafety 


New WHO guidance could expand access to lab facilities 


By Kazunobu Kojima,' Catherine Makison 
Booth,'” Kathrin Summermatter,? 

Allan Bennett,* Marianne Heisz,° Stuart 
D. Blacksell,®” Michelle McKinney** 


aboratory biosafety is fundamental 
to controlling exposure to pathogens, 
protecting the laboratory workforce 
and the wider community against in- 
advertent exposures or releases. Since 
1983, the World Health Organization 
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(WHO) Laboratory Biosafety Manual (LBM) 
has encouraged countries to implement ba- 
sic concepts in biological safety and to de- 
velop national codes of practice for the safe 
handling of pathogenic microorganisms in 
laboratories. But as technologies continue to 
evolve, and with them potential threats and 
benefits to laboratory safety, so too must ap- 
proaches to biosafety. With revision toward 
the fourth edition of the LBM under way, 
we propose a shift in focus to a risk-based, 
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technology-neutral, and cost-effective ap- 
proach to biosafety, making sure that labo- 
ratory facilities, safety equipment, and work 
practices are locally relevant, proportionate, 
and sustainable. This will allow more flex- 
ibility in laboratory design, reduce focus on 
pathogen risk groups and biosafety levels 
as the de facto starting point of laboratory 
considerations, and place more empha- 
sis on human factors and worker training. 
Improved sustainability of laboratory oper- 
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ations through lower construction and oper- 
ating costs, particularly in resource-limited 
settings, may pave the way for equitable ac- 
cess to clinical and public health laboratory 
tests and biomedical research opportunities, 
without compromising safety. 

The LBM has been in broad use at all lev- 
els of laboratories and biomedical sectors 
globally, serving as a de facto standard that 
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Aresearcher dons a protective suit 
at China's National Biosafety Laboratory 
in Wuhan, Hubei Province, China. 


represents best practices, especially where 
resources are less plentiful and regulatory 
frameworks are less well developed. The 
first publication of the LBM coincided with 
the year during which polymerase chain re- 
action (PCR) was invented. Since then, over 
the course of many decades and three edi- 
tions of the LBM, many common biosafety 
concepts and practices have been applied 
without assuming the availability of tech- 
nologies such as molecular testing, which, 
because it does not require propagation of 
the pathogen, poses considerably less like- 
lihood for exposure compared to conven- 
tional culture-based diagnostics. 


PRECAUTIONARY AND PRESCRIPTIVE 
Under earlier editions of the LBM, local risk 
assessment was not regularly and exten- 
sively practiced, which necessitated a more 
precautionary and prescriptive approach 
to defining safety criteria for pathogens 
and laboratory facilities. Biological agents 
that have minimal or no available preven- 
tative or therapeutics, such as Ebola virus, 
have typically been handled only in high- 
containment facilities, irrespective of the 
procedure, which might have contributed 
to unnecessary proliferation of costly high- 
containment laboratories. 

Local risk assessment was encouraged in 
the third edition of the LBM in 2004, but, 
at the same time, it did not adequately ad- 
dress what had become overly simplified 
implementation of biosafety programs born 
of the tendency to equate pathogen risk 
groups (RGs, or hazard groups) with labora- 
tory biosafety levels (BSLs, or containment 
levels). RGs and BSLs, which both have 
the same numerical nomenclature, have 
incorrectly been assumed to be essentially 
equated—for example, all work with RG2 
pathogens must be conducted at BSL2, RG3 
at BSL3, RG4 at BSL4, and so on. 

The consequence of this equation is that 
pathogen and local risk assessments are not 
routinely carried out, missing opportunities 
to optimize the means of risk control pro- 
portionate to the assessed risks. Although 
RGs may be a useful tool for national regu- 
latory regimes, applying them universally 
does not take into account national epide- 
miological profile, such as endemicity, nor 
does it necessarily consider local applica- 
tion of procedures and techniques. 

When the concept of RGs was introduced 
in the LBM for national oversight regimes, 
there was clear guidance that RG determi- 
nation was to be specific to a particular ju- 
risdiction, based on local and/or national 
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conditions. But this approach was lost over 
time as many applied this concept interna- 
tionally. A major source of confusion is in- 
consistency in the description of pathogen 
RGs and BSLs among countries (1). 


ENGINEERED AND UNSUSTAINABLE 

At higher BSLs, there has been an emphasis 
on strict application of detailed engineering 
controls, but much less consideration has 
typically been given to procedural and hu- 
man factors, despite the fact that the same 
pathogen could pose considerably different 
risks according to the procedures to be un- 
dertaken. Consequently, structural systems 
such as complicated and costly centralized 
ventilation units, complex waste disposal, 
and building automation systems tend to 
take precedence over risk assessment, work- 
force development, and training on good 
microbiological practices and procedures. 

Yet a review of recent laboratory-acquired 
infections (2) demonstrated that most were 
caused not by malfunctions of engineering 
controls but by human factors such as im- 
proper use of personal protective equipment, 
disregard for or inadequate risk assessments, 
and lack of standard operating procedures 
and/or properly trained staff. The best- 
designed and most engineered laboratory is 
only as good as its least competent worker. 

For routine diagnostics, and pathogen 
research not involving high concentrations 
and large volumes of infectious materials, 
there is no evidence that using complex bi- 
ological containment facilities will provide 
a safer working environment, though reli- 
ance on such facilities will most certainly 
increase costs. Facilities of complex design 
are costly to build, operate, and maintain, 
particularly those with centralized venti- 
lation systems or complex waste-disposal 
systems. Day-to-day running and main- 
tenance costs of high-containment labo- 
ratories are often not prioritized during 
budgeting and planning. 

Most laboratories, especially those in re- 
source-limited countries, cannot reasonably 
afford to build, run, and maintain such fa- 
cilities without long-term donor or external 
support but often strive to acquire them on 
the basis of past global trends emphasizing 
building of containment laboratories, where 
local risk assessment was not a routine 
practice. Where there is a lack of financial 
resources for laboratory services, running 
complex containment facilities can take 
valuable and limited resources away from 
day-to-day laboratory operations, potentially 
leaving lower-profile laboratories more vul- 
nerable to adverse occurrences. The lack of 
technical resources, such as appropriately 
trained and locally available engineers, fur- 
ther complicates these challenges. 
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HUMAN-FOCUSED AND FLEXIBLE 

In the new LBM, all risk-mitigation mea- 
sures should be selected using a risk- and 
evidence-based, rather than BSL checklist, 
approach. They should be informed by the 
consequence and likelihood of exposure 
to a pathogen. The same principles ap- 
ply when considering emerging technolo- 
gies in the context of dual-use research of 
concern and synthetic biology; biosecurity 
considerations should be proportionate to 
the assessed risks to complement biosafety 
effectively, sharing the same goal to pre- 


Trainees exercise safe glove removal, using fluorescent 
tracers to visualize potential contamination. 


vent unnecessary release and exposure of 
biological materials, be it accidental or de- 
liberate (3-5). A risk-based approach also 
underpins the revised World Organisation 
for Animal Health standard for managing 
biological risk in veterinary laboratories 
and animal facilities (6). 

This multifactorial assessment includes 
criteria such as route(s) of infection; patho- 
genicity and infectious dose; prophylaxis 
or vaccine availability; disease severity 
and mortality; contagiousness; endemic- 
ity; high-risk laboratory procedures (that is, 
work with aerosols, high titers or volumes, 
sharps, animals); laboratory workforce 
competency; highly susceptible individuals 
and/or hosts; volume and titer of the bio- 
logical agent(s) being produced and/or han- 
dled; and biosecurity (potential for misuse 
and/or weaponization). 

In lieu of defined biosafety levels, “core 
requirements” are proposed in the revised 
LBM, a combination of common biosafety 
elements to be implemented and used and a 
minimum requirement for safe work during 


262 20 APRIL 2018 + VOL 360 ISSUE 6386 


most laboratory procedures. These include 
not only the laboratory facility and equip- 
ment but also procedures and appropriately 
trained and competent staff, which too often 
received disproportionately less attention. 
Where the local risk assessment neces- 
sitates, heightened control measures such 
as the use of biological safety cabinets, 
extra personal protective equipment, and, 
in rare cases, high containment would be 
used to mitigate the identified risk(s) of 
exposure to the biological agent(s) being 
handled. This reinvented definition is in- 


tended to be more continuous than the dis- 
crete classification of BSL. The intent is to 
choose the right set of safety measures to 
control the identified risk(s) and not rely 
on a predefined “universal” set that may be 
an overdesign, depending on the pathogen 
and/or activities proposed. 


GLOBALIZING BIOSAFETY 

The need to update international laboratory 
biosafety guidance is part of a broader ini- 
tiative to globalize biosafety, emphasizing 
principles and approaches that are acces- 
sible to countries spanning a broad range 
of financial, technical, and regulatory re- 
sources. The WHO revised the International 
Health Regulations (IHR) in 2005 “to help 
the international community prevent and 
respond to acute public health risks that 
have the potential to cross borders and 
threaten people worldwide.” This requires 
that all 196 States Parties to the IHR are 
well prepared for potential outbreaks and 
new diseases, including prompt early di- 
agnosis to enable infection prevention and 
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control that should entail safe and secure 
handling and transport of infectious agents. 
The importance of better recognition of 
biosafety and biosecurity among all health 
professionals is reflected by their inclusion 
within the 19 technical areas in the IHR 
Joint External Evaluation tool (7). 

Countries that have or are developing na- 
tional oversight regimes for biosafety and 
biosecurity should approach oversight with 
a goal to be as flexible as possible to allow 
for multiple solutions and mitigation mea- 
sures. If RGs have been developed at the 
national level and embedded within legal 
frameworks, there should be an opportunity 
for periodic updates so that new evidence 
that supports changes to the risk profile 
of a pathogen are easily incorporated into 
an RG change. Oversight systems should 
consider the procedures being conducted 
in facilities, and how they contribute to or 
reduce risk, and be addressed accordingly. 

Whether prescribed or recommended, 
specific mitigation measures may best be 
applied through mechanisms with greater 
flexibility than legislation, such as guide- 
lines or standards. Oversight bodies should 
actively engage with biosafety practitioners 
within their jurisdictions, to ensure consid- 
eration of practical input from the field and 
maintain local and national relevance. 

The process of revising the LBM and pre- 
paring accompanying technical guidance is 
ongoing. A critical element is an extensive 
consultation process of a broad range of 
stakeholders. It is our hope that our pro- 
posal here can inspire some readers to con- 
tribute constructively to this process. 
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Plant responses to CO, are 
a question of time 


Long-term experiments show unexpected plant 
responses to elevated CO, concentrations 


By Mark Hovenden! and Paul Newton? 


ising carbon dioxide (CO,) concen- 
trations in the atmosphere as a result 
of fossil fuel burning are expected 
to fertilize plants, resulting in faster 
growth. However, this change is not 
expected to be the same for all plants. 
Rather, scientists believe that differences in 
photosynthetic mechanism favor one plant 
group—the C, plants—over the other, the C, 
plants. On page 317 of this issue, Reich et 
al. (1) show that, although this expectation 
is met in the first few years of a long-term 
experiment, the situation reverses after 15 
to 20 years, with important implications for 
future crop production and ecosystems. 

In 1966, Hatch and Slack (2) found that 
some plants have a distinct mechanism 
for assimilating CO, from the atmosphere. 
This has profound ecological consequences. 
The ancestral method of photosynthesis 
combines CO, with a five-carbon molecule 
to produce two identical three-carbon mol- 
ecules. However, the enzyme that catalyzes 
this reaction also combines the same five- 
carbon compound with dioxygen, thus re- 
ducing the carbon assimilation rate and, 
hence, growth. Hatch and Slack discovered 
that some plants can avoid this by first 
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combining CO, from the atmosphere with 
a three-carbon molecule, producing a four- 
carbon molecule as the first stable product 
in photosynthesis. Plants with this pathway 
are known as C, plants, distinguishing them 
from those with the ancestral pathway, 
termed C, plants. 

Although only about 3% of the global plant 
species are C, plants (3), they play a crucial 
role in many ecosystems, particularly savan- 
nas and grasslands (4, 5). C, species contrib- 
ute 25% of land biomass globally (3), provide 
forage for animals in both natural (for ex- 
ample, Serengeti) and managed (for example, 
Great Plains) grasslands, and contribute 14 of 
the world’s 18 worst weeds (6). It is clearly 
important, therefore, to predict the future 
distribution and abundance of C, plants. 

Reich et al. report findings from a 20- 
year experiment (see the photo) in the state 
of Minnesota, USA, where they exposed C, 
and C, plants to an elevated concentration 
of atmospheric CO,—arguably the most 
predictable global change. The C, method 
of photosynthesis appears to have evolved 
during a period of declining atmospheric 
CO, concentration and allows the plants 
to use CO, more efficiently than C, species 
(4). Today, the atmospheric CO, concentra- 
tion is higher than at any other time in the 
past 500,000 years and continues to rise (7). 
Most scientists expect C, plants to benefit 
from this additional co, and outcompete 
C, species, because C, photosynthesis in- 
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For 20 years, Reich et al. have exposed C, 
and C, plants to elevated CO, concentrations 
at their site in Minnesota. 


creases in efficiency with increasing CO, 
concentration to a far greater extent than 
does C, photosynthesis. 

Over the initial years of Reich et als 
experiment, the results conformed to this 
expectation: C, plants responded strongly 
to elevated CO,, whereas C, plants were 
unresponsive. However, as the experiment 
progressed, the response of the C, plants 
declined, and the response of the C, plants 
became stronger. These changes were so 
marked and consistent that after 15 to 20 
years, the response of C, plants to CO, was 
negligible but that of C, plants was strong. 
Indeed, the growth stimulation from the 
CO, in the C, plants during the final 5 years 
of the experiment exceeded that in C, plants 
at any stage of the experiment. 

Differences in photosynthesis rates or 
interannual variation in temperature and 
rainfall could not explain this result. What 
was important was how soil nitrogen dy- 
namics changed in response to elevated 
CO, and how this differed for the C, and 
C, plants. The growth response to elevated 
CO, for both C, and C, species was directly 
and positively correlated to the effect of el- 
evated CO, on the net mineralization rate 
(that is, the rate at which soil nitrogen was 
converted from organic to inorganic forms). 

The availability of soil nitrogen to plants 
can have a strong influence on whether 
plants respond positively to elevated CO, 
(8). Mineralization is a key factor in this 
availability. That the nitrogen mineraliza- 
tion rate increased over time in soil under 
C, plants, but declined in soil under C, 
plants, could therefore explain the growth 
responses. Thus, given sufficient time, the 
biogeochemical response to the rise in CO, 
concentration appeared to overwhelm the 
initial, physiology-driven growth response. 
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The different growth response of C, and 
C, species to elevated CO, concentrations 
has important consequences. Earth sys- 
tem models assume a positive relationship 
between C, plant growth and CO, concen- 
tration, an assumption that Reich et al.’s 
results challenge. As a result, Earth’s future 
carbon-sequestration potential could be far 
lower than predicted by these models, be- 
cause most vegetation is C, dominated. Fur- 
thermore, agricultural production involving 
C, plants such as wheat, rice, and temper- 
ate pasture species might not increase with 
the rising CO, concentration. It is also likely 
that introduced plant species, many of 
which are C, plants, will increase in vigor 
and become an even greater problem than 
they are now. Finally, ecosystems in which 
C, and C, species grow together are likely 
to change as the competitive balance alters, 
with consequences for forage supply and 
its nutritional quality (5). Increased growth 
rates of C, species are even more likely in 
the future because of global warming; the 
efficiency of C, photosynthesis declines 
with increasing temperature, but this does 
not occur in C, plants, making them more 
competitive in warmer conditions (9). 

Reich et al. were only able to make their 
discoveries because their experiment ran 
uninterrupted for two decades. This is ex- 
tremely rare globally, showing that funding 
for long-term global-change experiments is 
a necessity. The experiment relied on a con- 
certed effort to continually apply for fund- 
ing, given the largely short-term nature of 
funding cycles. Because most funding agen- 
cies place a value on innovation and novelty, 
scientists are forced to come up with new 
reasons and new measurements to keep ex- 
isting experiments running. The tenacity of 
Reich et al. and their ability to keep their 
experiment running has overturned exist- 
ing theory and should lead to changes in 
how we think about and prepare for Earth’s 
future. Who knows how many processes 
remain undiscovered because of the un- 
willingness of funding agencies to support 
long-term experiments? 
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MATERIALS 


On the quest for 
the strongest materials 


Diamond nanoneedles have strength 
approaching the theoretical maximum 


By Javier LLorca’” 


he strength of a material is a measure 

of its ability to withstand a load with- 

out breaking. Scientists in search of 

the strongest materials have recently 

turned their attention to nanomate- 

rials, which have few of the defects 

that typically reduce a material’s strength. 

On page 300 of this issue, Banerjee et al. 

(1) show that when nanoscale single-crystal 

diamond needles are elastically deformed, 

they fail at a maximum local tensile stress 

of ~89 to 98 GPa, which is very close to the 
theoretical limit for this material. 

The maximum possible strength that 

a material can have in either tension or 

shear is controlled by the fracture of the 

interatomic bonds and is on the order of 

10% of the elastic or shear moduli, respec- 

tively. However, it is difficult to achieve 

these strengths in practice because defects 

in the solid will lead to inelastic relaxation 

or brittle fracture well before the atomic 


Strong, stronger... 

Experimental measurements have shown similarly 
high tensile strengths for multiwall carbon 
nanotubes, graphene, and diamond nanoneedles. 
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bond can be stretched to the theoretical 
limit. Maximum elastic tensile strains sup- 
ported by bulk solids are between 0.2 and 
0.4%, whereas tensile strains of up to 4% 
have been measured in micrometer-size 
whiskers (2). Recent progress in nanoma- 
terial synthesis and nanomechanical test- 
ing has opened the possibility of probing 
the strength of material systems that are 
practically free of defects (3). In parallel, 
atomistic simulations based on density- 
functional theory and molecular dynamics 
can predict accurately the fracture strength 
of perfect crystals and allow the influence 
of defects and free surfaces on this prop- 
erty to be explored. 

Because the carbon-carbon bond is the 
strongest in nature, the search for the 
strongest material has focused on one- 
dimensional carbon nanotubes and two- 
dimensional graphene nanoscale objects 
(see the figure). Experimental results and 
ab initio calculations indicate that the 
elastic modulus of carbon nanotubes and 
graphene is =1 TPa (4-6). The strengths 
measured in both types of nano-objects are 
thus very close to the theoretical limit (see 
the figure). By contrast, the reported tensile 
strength of bulk cubic diamond is much 
smaller (<10 GPa) (7). These differences in 
strength have been partially attributed to 
brittle fracture from defects during tensile 
deformation of bulk samples. Higher tensile 
strengths (up to 20 GPa) for diamond have 
been reported from Hertzian indentation 
tests (8), but these values must be treated 
with caution because of the uncertainties 
associated with the spherical indentation to 
determine the tensile strength. Regardless 
of the experimental technique, diamond 
fractures by cleavage along the (111) plane, 
which has the lowest fracture energy. The 
strengths reported by Banerjee et al. (which 
correspond to a tensile strain of ~9%) are 
very close to the theoretical limit for dia- 
mond and to the maximum strength values 
reported for carbon nanotubes and gra- 
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phene (see the figure). Thus, the strength 
of bulk diamond, which has sp? bonds, 
is equivalent to that reported for carbon 
nanotubes and graphene with sp? bonds. 
The authors applied these large elastic 
strains by bending the nanoneedles (see 
the image); fracture was not triggered at 
smaller strains because of the small volume 
of the nanoscale needles, the paucity of de- 
fects, and the smoothness of the surface, 
which was produced with careful reactive 


Ananoindenter tip bends a diamond nanoneedle. 


ion etching from a <111>-oriented diamond 
film produced by means of chemical va- 
por deposition. Fracture occurred through 
cleavage along (111) planes, and the strength 
measured was supported by combined den- 
sity-functional and molecular-dynamics 
simulations at 300 K. The latter predicted 
a maximum critical strain of 13%, corre- 
sponding to a tensile strength of 130 GPa. 
These results open the possibility of mod- 
ifying fundamental properties of diamond 
through elastic strain engineering (9). 
The properties of any crystalline material 
depend on the lattice parameters, which 
are dictated by the electronic structure. 
Large elastic deformations (around 10%) 
modify the electronic structure, leading to 
changes in electronic, magnetic, catalytic, 
and other properties that could be tuned 
as a function of the applied strain tensor. 
This concept has been used to enhance the 
drive current in complementary metal- 
oxide semiconductor technology by im- 
proving the electron and hole mobility 
through lattice straining (0). Other appli- 
cations include the transformation of para- 
magnetic materials into ferromagnetic 
ones (17) and the manipulation of mecha- 
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nochemical coupling so as to increase cata- 
lytic activity (12). 

However, the elastic strains applied to 
modify the properties in all these cases 
were much lower (below 5%) than those 
reported for carbon nanotubes, graphene, 
and diamond needles, which were closer to 
10%. Changes in properties should increase 
with the elastic strain and, as postulated by 
Gilman (73), the electronic structure should 
be drastically modified near the critical 
bond-breaking strain, leading 
to unusual or singular chemi- 
cal and physical properties. 
Thus, exploration of the effect 
of very large elastic strains on 
the properties of crystalline sol- 
ids may lead to the discovery of 
new or unexpected behaviors. 

Many applications of elastic 
strain engineering require the 
elastic strains to be distributed 
over a substantial area or vol- 
ume. This can be achieved by 
means of epitaxial growth (10) 
or severe plastic deformation 
(11) in the case of bulk materi- 
als. However, this task is more 
challenging in the case of na- 
noscale objects because it is 
difficult to maintain the me- 
chanical continuity between 
these objects. For instance, the 
maximum strengths reported 
for carbon nanotube fibers, 
which are made up of bundles 
of nanotubes, are ~2.5 GPa, which is well 
below the values reported for single carbon 
nanotubes (see the figure) (74-15). Elastic 
straining techniques that can be applied to 
bulk materials, such as the elastic bending 
of nanoneedles in Banerjee et al., can po- 
tentially be extended to large surfaces and 
different materials. Thus, this strategy can 
be used to explore the effect of large elastic 
strains on chemical and physical properties 
of diamond and other solids. & 
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Whispering 
neurons 
fuel cortical 
highways 
Synaptic communication 
accelerates neuronal 


migration in 
the developing brain 


By Alejandro F. Schinder! and 
Guillermo M. Lanuza? 


he mammalian neocortex is one of 

the most intricate entities found in 

nature, both in terms of structure and 

function. It is the brain region respon- 

sible for the execution of high-order 

functions, including sensory percep- 
tion, motor control, cognition, and speech. 
Its development is equally complex because 
it requires that millions to billions (depend- 
ing on the species) of neurons assemble in 
distinct layers and connect with exquisite 
precision to perform complicated informa- 
tion processing operations. During embry- 
onic development, formation of the cerebral 
cortex involves the migration of excitatory 
neurons generated in the ventricular zone 
toward the cortical plate, where they estab- 
lish their final position in six well-defined 
horizontal layers consisting of different 
types of neurons and architecture. Along 
this migratory phase, developing neurons 
undergo a morphological transition from 
multipolar shape to bipolar morphology. 
Bipolar neurons exhibit faster locomotion, 
quickly reaching their final destination. On 
page 313 of this issue, Ohtaka-Maruyama et 
al. (1) reveal that this important switch to 
bipolar neurons is influenced by glutamate 
release from neurons located at the sub- 
plate, just beneath the cortical plate. Sub- 
plate neurons trigger this transformation 
by making transient synaptic contacts with 
multipolar neurons in transit to the corti- 
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cal laminae. Understanding this process is 
important because disruption of neocortical 
migration results in several human neuro- 
developmental diseases. 

During cortical development, excitatory 
neurons are derived from radial glial cells 
located at the ventricular zone (2—4) (see 
the figure). The earlier-born neurons form 
the preplate, which later splits into the 
more superficial marginal zone and the 
deeper subplate (SP). The cortical plate 
then emerges in between these two layers, 
fueled by the accumulation of neurons mi- 
grating from the ventricular zone. Layers 
are established by the subsequent addition 
of neurons migrating in an inside-out man- 
ner; the most recently generated neurons 
migrate through older cells toward the mar- 
ginal zone, giving rise to the neocortex (3— 
5). Consequently, the deeper layers are built 
early and the superficial layers arise toward 
the end of cortical development. 


the SP network is relevant for guiding the 
growth of thalamic axons toward cortical 
layer IV and for the maturation of excit- 
atory pyramidal cells in that layer (7, 8). Be- 
cause new neurons navigate across the SP to 
reach the cortical plate, Ohtaka-Maruyama 
et al. examined whether SP neurons might 
influence radial migration. 

The process of radial migration (2, 5, 9) is 
characterized by three phases: Multipolar 
neurons move slowly, in a winding manner, 
almost pausing at the intermediate zone 
before reaching the SP; stalling neurons 
convert to bipolar morphology; bipolar 
neurons migrate at faster speed along ra- 
dial glial fibers through the cortical plate, 
until reaching their final cortical lamina 
(see the figure). The authors characterized 
neuronal migration in brain slices obtained 
from mouse embryos. The use of fluores- 
cence microscopy techniques revealed that 
SP neurons project axons toward the in- 


The migratory journey of cortical neurons 
During the multipolar stage at the intermediate zone, neurons receive transient glutamatergic 
synaptic inputs from subplate neurons, which influence their conversion into fast-locomoting bipolar 


neurons that ultimately form the cortical layer. 
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Developing neurons undergo a series of 
choices regarding their specification (what 
type of neuron?), migration (what cortical 
layer?), growth (where to project dendrites 
and axon?), and selection of their synaptic 
partners (input and output cells). These 
choices are made according to a combina- 
tion of intrinsic programs and extrinsic sig- 
naling (3-5). Cortical lamination involves 
the formation of transient cell layers that di- 
rect the migration and connectivity of new 
neurons and disappear in the mature brain. 
The SP is an early transient layer, consist- 
ing of heterogeneous neuronal populations 
exhibiting mature morphological and func- 
tional properties (6). SP neurons receive 
functional inputs from thalamic projections 
and are also connected among themselves 
and with other cortical neurons through 
chemical and electrical synapses. Activity of 
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termediate zone. Some of those axons ex- 
press the vesicular glutamate transporter 
VGLUT2 and contact multipolar neurons, 
which suggests that they might form glu- 
tamatergic synapses. Further analyses re- 
vealed that highly active synapses form in 
the area where SP axons mingle with mul- 
tipolar cells. Such activity is likely driven 
by excitatory thalamocortical projections 
that directly activate SP networks (6, 7). 
The authors showed that neuronal migra- 
tion is halted when electrical activity in SP 
neurons is reduced or when synaptic re- 
lease from their axons is blocked. Together, 
these results suggest that the switch from 
multipolar cells to bipolar, fast-migrating 
neurons requires glutamate release from 
SP neurons, consistent with the role of glu- 
tamatergic signaling in neuronal migration 
during brain development (10). 
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However, it is also conceivable that addi- 
tional players contribute to radial migration 
in a manner that relies on synaptic commu- 
nication. Electron microscopy revealed con- 
tacts with heterogeneous structure formed 
onto multipolar cells. Those synapse-like 
structures do not resemble canonical glu- 
tamatergic synapses (17): Most terminals 
lacked synaptic vesicles, with these seeming 
to be present in low numbers and in only 
20 to 30% of presynaptic terminals; synap- 
tic shape was irregular and bearing atypical 
ultrastructural morphology. These features 
might allow multipolar cells to respond to 
the transient nature of the putative gluta- 
matergic synapses, but this view prompts 
additional questions regarding the activity- 
dependent control of radial migration. Is 
glutamate the main trigger for the switch? 
Do multipolar cells integrate signals arising 
from additional neurotransmitters, such as 
yy-aminobutyric acid (GABA), exerting de- 
polarizing effects that commonly promote 
neuronal maturation (12)? Do multipolar 
cells receive synaptic signals from other 
neuronal populations within or outside the 
developing cortex? It will also be critical to 
interrogate the mechanisms that link syn- 
aptic activity to cytoskeletal reorganization, 
which ultimately executes the multipolar to 
bipolar transformation (73, 14). 

The experimental approach used by 
Ohtaka-Maruyama et al. bears the potential 
to explore structure and function of syn- 
aptic connections between the SP network 
and multipolar cells in depth. For instance, 
optogenetic and electrophysiological re- 
cordings would readily allow combining 
the restricted and specific stimulation of SP 
neuron terminals with recordings of post- 
synaptic responses in multipolar cells to 
unambiguously establish the nature of the 
chemical and electrical synapses that influ- 
ence neuronal migration. Ultimately, it will 
be crucial to develop complete loss-of-func- 
tion models to unearth the extent to which 
neurotransmitter release from SP neurons 
shapes the rules of cell migration and strati- 
fication in the mammalian neocortex. 
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NEURODEGENERATION 


Parkin function in Parkinson's disease 


Models of Parkin-mediated ubiquitination lend insight into the role of pathological mutations 


By Connor Arkinson and Helen Walden 


arkinson’s disease (PD) is the second 

most common neurodegenerative dis- 

ease, and is characterized by involun- 

tary shaking, muscle rigidity, and the 

progressive loss of dopaminergic neu- 

rons. In ~5 to 10% of PD cases there is 
a genetic association, with almost 20 genes 
attributed to date. One example is early-onset 
autosomal recessive PD (ARPD), for which 
the majority of cases are linked to muta- 
tions in the Parkin gene (PRKN; also known 
as PARK2). PRKN encodes the E3 ubiquitin 
ligase Parkin, which plays important 
roles in mitochondrial quality con- 
trol and turnover. Parkin, although 
localized to the mitochondria under 
certain conditions, is primarily cyto- 
solic (7). A second ARPD-associated 
gene, PINK] (PTEN-induced putative 
kinase 1), encodes a mitochondrially 
tethered kinase that regulates Parkin 
activity through phosphorylation 
events. Mutations in PINK], although 
rare, are associated with a phenotype 
similar to that of ARPD patients with 
PRKN mutations. Numerous muta- 
tions throughout PRKW are linked 
to ARPD, making the functional ex- 
amination of Parkin crucial to un- 
derstanding ARPD pathogenesis. 
A wealth of structural studies have 
transformed our knowledge of Par- 
kin regulation and catalytic mecha- 
nisms. However, the current picture 
is incomplete, leading to several possible 
models of Parkin catalysis, which has impli- 
cations for understanding how the ARPD- 
associated mutations affect the protein and 
thus PD pathogenesis. 

The major function of Parkin is to ligate 
ubiquitin to lysine residues, an essential 
posttranslational modification involved in 
almost every cellular pathway. Ubiquiti- 
nation occurs via the sequential action of 
three enzymes: an El-activating enzyme, 
an E2-conjugating enzyme, and an E3 li- 
gase. Parkin belongs to the RBR [RING- 
in-between-RING (IBR)-RING] family of E3 
ligases, which contain a RING1 domain for 
E2 recruitment, a catalytic domain (RING2) 
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through which transfer of ubiquitin is me- 
diated, and a linking IBR domain (2). There 
are 14 RBR family members, including 
HOIP (HOIL-1-interacting protein), HHARI 
(human homolog of Ariadne), and Dorfin 
(double ring-finger). Owing to its relevance 
in ARPD, Parkin is the most studied RBR 
ligase and thus also serves as an important 
model for understanding RBR mechanism. 

Parkin comprises five domains: ubiq- 
uitin-like domain (Ubl), RINGO, RINGI, 


IBR, and RING2. The Ubl and RINGO do- 
mains are unique to Parkin, with the RBR 
module common to all RBR ligases. ARPD- 
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A patient with advanced Parkinson's disease: Mutations in Parkin are 
associated with early-onset Parkinson’s disease. 


associated PRKN mutations are distributed 
across all five domains and are also found 
within domain-domain interfaces and linker 
regions. This broad distribution of mutations 
across all of Parkin suggests the structural in- 
tegrity of all domains is important in ARPD 
pathogenesis. Parkin adopts an autoinhib- 
ited conformation mediated by its amino- 
terminal Ubl domain (3). The Ubl is joined to 
the carboxyl-terminal RINGO-RBR (RORBR) 
domains by a flexible 65-amino acid linker. 
Crystal structures of RORBR Parkin, with 
both the Ubl and linker removed, reveal a 
rigid core formed of RINGO, RINGI, and 
RING2 domains, with the IBR domain show- 
ing degrees of flexibility (4, 5). Structures of 
Parkin that include the Ubl domain show 
that the Ubl is associated with RINGI (4, 6, 7). 
Each structure highlights several autoinhibi- 
tory features: The RINGO partially occludes 
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the catalytic cysteine (Cys*"); a small helical 
element [repressor element of Parkin (REP)], 
along with the Ubl domain, blocks the pre- 
dicted E2 binding site on RING]; and finally, 
the distance between the RING2 Cys*” and 
predicted E2 catalytic cysteine is over 30 A, 
which is too far to allow transfer of ubiqui- 
tin. Thus, for full Parkin function, not only 
are activators required to disrupt the autoin- 
hibitory mechanisms, but large conformation 
changes are predicted to bridge the distance 
between catalytic sites. 

Multiple ARPD-associated proteins, such 
as Parkin, PINK1, and DJ-1 (also known as 
PARK’), play roles in mitochondrial 
homeostasis, suggesting that dys- 
function in this process may be a fea- 
ture of ARPD. PINK1 phosphorylates 
Parkin at Ser® of the Ubl domain, 
which increases its ubiquitin ligase 
activity (1). In addition to directly 
phosphorylating Parkin (pParkin), 
PINK1 phosphorylates ubiquitin at 
the equivalent Ser® (pUb), which 
leads to activation of Parkin (J). Al- 
losteric binding of pUb to Parkin 
weakens Ubl association with the 
RORBR domains in trans (6-8) and 
results in straightening of helix 3 
within RINGI to facilitate movement 
of the IBR domain (8, 9). Further- 
more, PINK1 phosphorylates Parkin- 
pUb more efficiently than Parkin 
alone, suggesting that displacement 
of the Ubl is required for full kinase 
activity (10). In pParkin, the pUbl is 
released to form an extended conformation, 
and only in the presence of pUb (7). Point 
mutations that disrupt individual auto- 
inhibitory features of Parkin show that upon 
activation with pUb, Parkin undergoes con- 
formation changes that release both REP and 
the Ub! domain (72). 

E2s transfer ubiquitin to Parkin, yet inter- 
action between E2 and autoinhibited Parkin 
is weak (6). However, phosphorylation of Par- 
kin and ubiquitin renders the E2 interaction 
measurable (6, 7). Although the interaction 
of pParkin-pUb and E2s is low, it is in- 
creased when the E2 is loaded with ubiquitin 
(E2~Ub) (7). Finally, computational analyses 
predict that Ubl phosphorylation initiates an 
unwinding of domains (13). Thus, the pre- 
vailing view of PINK1-mediated Parkin ac- 
tivation is one where both phosphorylation 
events are needed to drive conformational 
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Models of ubiquitin transfer to Parkin 

Structures of pParkin and the E2~Ub complex indicate that Cys**! of the RING2 (R2) domain is too 

far from the E2~Ub binding site for ubiquitin transfer to pParkin. Two models, involving conformational 
change or cooperation, have been suggested to explain how transfer might occur. P, phosphate. 


Conformation change 


— Ser 


Ubl 


pParkin 


Model 1 

Conformational changes release the 
REP-UbI and R2 domains of pParkin for 
E2~Ub binding and exposure of Cys‘). 


ARPD-associated mutations in Parkin 


Model 2 

With the ubiquitin binding site revealed through conformation 
changes, this model illustrates how pParkin cooperates with 
another E2~Ub-pParkin complex to transfer ubiquitin from the E2. 


Cooperation 


ps—Ser® 


The broad distribution of mutations across Parkin suggests the structural 


integrity of all domains is important in ARPD pathogenesis. 
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changes to release the Ub] domain, the REP, 
and potentially the RINGO domain to allow 
binding of E2~Ub and ubiquitin transfer. 
However, the structure of pUb bound to the 
RORBR domains shows no movement of the 
REP (8). Furthermore, a recent crystal struc- 
ture of all five human Parkin domains (UbI- 
RORBR) bound to pUb shows no displace- 
ment of the Ub! domain or the REP, nor al- 
teration of the catalytic cysteine environment 
(9). One caveat is that the UbI-RINGO linker 
is missing. This linker is not conserved in 
Parkin orthologs, but does influence in vitro 
activity (7). Furthermore, Parkin is not phos- 
phorylated in this structure and there is no 
E2~Ub present. The straightening of RING1 
helix 3 observed in the pUb-RORBR structure 
is also observed in the presence of the Ubl 
domain (8, 9). In this context, however, the 
IBR is displaced, revealing a hidden ubiqui- 
tin binding site on RINGI helix 3 that is pro- 
posed to interact with the donor ubiquitin 
from E2~Ub. Thus, pUb and ubiquitin bind 
on opposing sides of the now-straightened 
RINGI helix 3, and mutation of either face 
leads to reduced affinity for pUb as well as 
E2~Ub (13, 14). 

This bipartite binding of ubiquitin mole- 
cules is also observed in the crystal structure 
of another RBR ligase, HOIP, where ubiqui- 
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tin binds in the equivalent position as pUb, 
and E2~Ub binding corresponds to the hid- 
den ubiquitin binding site (74). Both of these 
structures show that the catalytic cysteine 
and the donor ubiquitin are still too far for 
ubiquitin transfer from E2 to Cys*' in cis. 
Does the E2-to-RING2 transfer of ubiquitin 
require further conformational changes of 
the RBR modules, or are other mechanisms 
possible? This conundrum is reminiscent of 
the allegory of the long spoons, where the 
inability to feed oneself with such unwieldy 
tools in Hell is circumvented in Heaven by 
feeding one another. Interestingly, self-asso- 
ciation of E3 molecules has been reported to 
support Parkin activity both in vitro and in 
cells (75), thus raising the possibility of trans- 
cooperation for catalytic function (see the 
figure). Further support for this comes from 
the crystal structure of HOIP RBR-E2~Ub 
complex, where the RING2 of a neighboring 
molecule is in proximity to E2~Ub bound to 
a different RBR module (/4). This “domain- 
swapped” dimer suggests the possibility of a 
trans-based mechanism. Intriguingly, HOIP 
functions biologically in concert with an- 
other RBR ligase, HOIL-IL (heme-oxidized 
IRP2 ubiquitin ligase 1 homolog), suggesting 
that other RBR ligases may function in col- 
laboration, akin to two molecules of Parkin. 
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Although these recent studies raise the 
possibility of a cooperative model for Parkin 
function, there remain several important ca- 
veats. One is that a cooperative model does 
not explain E2 interaction as the REP and Ubl 
remain attached at the E2 binding site. In ad- 
dition, the absence of the Ubl-RINGO linker, 
removed to aid high-resolution crystallogra- 
phy, necessarily reduces interdomain flexibil- 
ity. Further, the lack of a structure of pParkin 
makes it challenging to fully understand the 
role of Parkin phosphorylation, as phosphor- 
ylation of the Ubl and pUb binding releases 
the Ub! domain and greatly enhances E2~Ub 
interaction. Finally, Parkin mutants can res- 
cue each other by functioning in trans, but 
does wild-type Parkin cooperate for ubiquitin 
transfer? To distinguish these models, rescu- 
ing Parkin mutants deficient in one part of 
the transfer cascade with others deficient in 
another would help decipher at which stage 
cooperation can occur. 

Currently, the data supporting each model 
do not exclude the other model, and there- 
fore, both modes of ubiquitin transfer— 
through conformational change or through 
cooperative binding—could occur. Parkin is 
mainly cytoplasmic, yet PINK1 resides at the 
mitochondria. Does this mean that Parkin 
is only activated at the mitochondria, or are 
there alternative mechanisms dependent on 
subcellular localization? For example, ubiq- 
uitin-interacting motifs on Parkin substrates 
have been shown to increase Parkin activity 
(3). Therefore, Parkin may employ distinct 
mechanisms of activation in different cellu- 
lar contexts, which could include structural 
rearrangement and/or cooperation between 
molecules. Distinguishing between these 
models will facilitate understanding how and 
when Parkin recognizes substrates, and how 
ARPD-associated mutations disrupt Parkin 
function. Characterizing Parkin’s catalytic 
cycle will be important for targeting Parkin 
for therapeutic intervention. It will be fasci- 
nating to see what further conformations and 
mechanisms emerge as the understanding of 
the catalytic cycle of Parkin-mediated ubiqui- 
tin transfer deepens. & 
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GENETICS 


If two deletions don't stop growth, try three 


Triple mutations in yeast reveal broad scope of genetic interactions 


By Albertha J. M. Walhout 


ow many and which genes does an or- 
ganism need at a minimum to sustain 
growth? With the identification of es- 
sential genes in a variety of organisms 

such as yeast (1), worms (2), and hu- 

man cultured cells (3-5), the answer 

may seem obvious: Remove all nonessential 
genes, and the organism should be able to 
continue to survive and grow. In the yeast 
Saccharomyces cerevisiae, the workhorse of 
genetic interaction mapping, ~1000 of the 
~6000 (~17%) protein-coding genes are es- 
sential for viability (7). So theoretically, one 
might think that one could remove the other 
~5000 nonessential genes and still have 
a growing yeast. The reason this does not 
work is that genes interact with each other to 
drive different traits, including viability and 
growth. On page 283 of this issue, Kuzmin et 
al. (6) provide the first systematic analysis of 
trigenic interactions in yeast in which three 
gene deletions are combined in individual 
strains in order to ascertain the importance 
of multigene interactions for growth. This 
study shows that higher-order genetic inter- 
actions are abundant, which has implications 
for the interpretation of human gene variants 
that may interact to affect health and disease. 
A comprehensive study of digenic inter- 
actions—that is, of interactions between 
pairs of deleted nonessential genes—defined 
10,000 synthetic lethal interactions in yeast 
(7). Synthetic lethal interactions occur when 
deletion of each individual gene maintains 
viability and growth, whereas deletion of 
both genes combined kills the cells. These 
10,000 synthetic lethal interactions among 
nonessential genes involve more than 3000 
genes, thus revealing their “hidden essenti- 
ality.” Synthetic lethal interactions are only 
one type of genetic interaction. Generally, ge- 
netic interactions are defined when a double 
mutant confers a phenotype that is differ- 
ent than expected based on the phenotype 
from mutants of each individual gene. Such 
interactions come in two basic flavors: posi- 
tive and negative, where the phenotype of 
strains harboring positively interacting genes 
is less severe than expected, whereas the 
phenotype of strains containing negatively 
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interacting gene pairs is more severe, with 
synthetic lethality being the most extreme. 
It is becoming clear that genetic interac- 
tions are widespread. For instance, ~550,000 
(~3%) of all gene pairs [18 million, including 
hypomorphic (partial loss-of-function, tem- 
perature-sensitive) alleles of essential genes] 
display a negative genetic interaction in yeast 
(7). However, the prevalence and attributes of 
more complex genetic interactions remained 
poorly characterized. 

Kuzmin et al. present the first large- 
scale trigenic interactions that affect colony 
growth. The growth of triple-deletion strains 
was compared with the growth of the strains 
harboring single or double deletions in the 
relevant genes. Systematically mapping tri- 
genic interactions is a daunting endeavor 
even in yeast, with a total of 36 billion combi- 
nations, ~2000 times more than the number 
of gene pairs that can be tested for digenic 
interactions (7). In this study, a set of query 
strains carrying 302 single gene mutations 
and 151 double gene mutations were selected 
as a starting point. These query strains were 
tested for genetic interactions versus an ar- 


ray of 1182 strains, each carrying a mutation 
in an informative gene, so that most general 
biological processes were included (see the 
figure). Thus, in total close to 200,000 tri- 
genic interactions (~0.0006% of all possible 
combinations) were tested. The focus in this 
study was on negative genetic interactions, 
which are easier to capture and quantify and 
usually more informative of gene function. 
Overall, trigenic interactions were found 
to be ubiquitous. More than 3000 trigenic 
interactions were detected, versus almost 
10,000 digenic interactions. When extrapo- 
lated to all possible pairs and triplets, it was 
estimated that 3% of all 18 million digenic 
pairs exhibit a negative genetic interaction, 
whereas a lower ratio was inferred for tri- 
genic genetic interactions, which is estimated 
to be 100 million of all 36 billion possible 
triplets (~0.3%). Interestingly, about two- 
thirds of the trigenic negative interactions 
occur between genes in which at least one 
pair exhibits a digenic interaction. This in- 
dicates that genetic interactions themselves 
are heavily modified by genetic background. 
Further, trigenic interactions are overall 


Complex gene interactions 


Triple mutants in yeast reveal abundance of higher-order genetic interactions. Understanding 
these interactions has implications for the interpretation of human gene variants that may interact 


to affect health and disease. 
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weaker than digenic interactions and, like di- 
genic interactions, are enriched for essential 
genes. This suggests diminishing returns for 
the mapping of even higher-order genetic in- 
teractions. However, trigenic interactions, al- 
though enriched among functionally related 
genes, tend to span across a wider distance in 
the overall functional network mapped pre- 
viously (7) and may provide broader insights 
into the connections between bioprocesses at 
a higher level. 

Aside from functionally annotating and 
connecting genes, this study has broad im- 
plications for the true understanding of the 
relationships between genotype and phe- 
notype, which is highly relevant for under- 
standing human traits, including diseases 
and the response to therapeutic treatments. 
The yeast study “only” uses deletion alleles 
in nonessential genes and hypomorphic al- 
leles for essential genes, studies a single trait 
(growth), and examines one experimental 
condition. In the wild, organisms harbor 
many different alleles, from gain of function 
to partial or total loss of function or even 
neomorphic function (in which the allele 
confers a new function not associated with 


“.this study has broad 
implications for the 

true understanding of the 
relationships between 
genotype and phenotype...” 


the wild-type gene), and in many different 
combinations. It is clear that many of these 
will interact in unexpected ways to affect 
every conceivable trait, including modifier 
alleles in genes that only exhibit an effect 
when combined with additional, severe 
mutations. For instance, inborn errors of 
human metabolism, which were classically 
viewed as Mendelian diseases, are increas- 
ingly appreciated to be responsive to genetic 
background and are thus complex (8). Given 
the complexity of multigenic traits, reading 
one’s genome sequence to devise strategies 
for precision and personalized medicine 
may not be a feasible means of diagnosis 
and treatment for years to come. 
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HYPOTHESIS 


A unifying concept in 
vascular health and disease 


Interventions to restore blood vessel 
stability could improve health outcomes 


By Martin A. Schwartz,!?? 
Dietmar Vestweber,* Michael Simons’? 


ot unlike Tolstoy’s remark about happy 
versus unhappy families, current wis- 

dom in vascular biology holds that 
healthy blood vessels are mostly simi- 

lar, whereas vessels in different vascu- 

lar diseases are mostly different. But 

is this really the case? An evaluation of the 
literature suggests that unresolved vascular 
remodeling may be a key element of virtually 
all vascular diseases. This commonality raises 
the possibility of unifying principles that gov- 
ern vascular remodeling and the possibility 
that methods to restore normal remodeling 
could effectively treat multiple disease states. 
Postnatal physiological vascular remodel- 
ing encompasses the sprouting of existing 
blood vessels to form new ones (angiogen- 
esis), and the growth and remodeling of 
small vessels into larger arteries that sup- 
port higher blood flow (arteriogenesis). Im- 
portantly, both processes are self-limited. 
Angiogenesis is stimulated by tissue de- 
mand for oxygen and nutrients due to tis- 
sue growth, exercise, or wound healing (1). 
Secretion of vascular endothelial growth 
factor (VEGF) by cells in ischemic tissue 
is the main driver, but once blood flow is 
established in the new vessels, oxygen and 
nutrient transport into the tissue decreases 
VEGF expression, shuts down angiogenesis, 
and restores vascular stability. Arteriogen- 
esis is triggered mainly by increased blood 
flow and hence fluid shear stress through 
small vessels. This induces a local inflam- 
matory response, leading to VEGF produc- 
tion (2). The resultant outward remodeling, 
vessel enlargement, and de novo formation 
of arterial vasculature restore normal levels 
of shear stress, which resolves vascular wall 
inflammation and restores normal function. 
These two processes are of relatively short 
duration, on the order of days to weeks in 
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mouse models, and fully restore normalcy. 

By contrast, prolonged or chronic stimu- 
lation of angiogenesis or arteriogenesis re- 
sults in pathological remodeling and leads 
to morphologically and functionally abnor- 
mal vessels. One example is atherosclerotic 
plaques that form as a result of converging 
biomechanical (disturbed blood flow and 
high vessel wall stress), metabolic (hyperlip- 
idemia, hyperglycemia), and inflammatory 
and thrombotic factors (3, 4). Plaque forma- 
tion appears to be driven by altered endothe- 
lial cell (EC) phenotype, including increased 
permeability that allows lipoproteins to en- 
ter the vessel wall, increased expression of 
proteins that recruit monocytes, and other 
immune cells; activated ECs also stimulate 
smooth muscle cell migration and growth 
to form a neointima that narrows the vessel 
lumen. Further, vascular wall inflammation 
increases sensitivity of ECs to transforming 
growth factor-8 (TGF-B), leading to endo- 
thelial-mesenchymal transition (EndMT) (5). 
The resultant EC-derived mesenchymal cells 
drive further increases in permeability and 
inflammation, thus perpetuating the incom- 
plete repair state. 

A similar process occurs in vascular 
malformations such as cerebral cavernous 
malformation (CCM) and hereditary hemor- 
rhagic telangiectasia (HHT) (6, 7). In the in- 
herited form of these diseases, patients have 
a heterozygous loss-of-function mutation in a 
key gene (CCM1, 2, or 3 for CCM; Alk1, endog- 
lin, or Smad4 for HHT). A “second hit” muta- 
tion plus angiogenic or inflammatory stimuli 
lead to clonal expansion and formation of 
lesions with poorly formed vessel walls that 
are prone to rupture and bleeding. Again, the 
pattern of elevated permeability, abnormal 
extracellular matrix (ECM), inflammation, 
and EndMT can form positive feedback cir- 
cuits that contribute to lesion progression. 
Yet another example is chronic inflammation 
due to persistent infection, injury, or autoim- 
mune processes. In these conditions, angio- 
genic blood vessels remain immature with 
increased permeability, ECM remodeling, 
and expression of genes for leukocyte recruit- 
ment, thus perpetuating inflammation (8). 

There are several well-conserved features 
that distinguish stable from remodeling vas- 
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culature. In stable vessels, ECs rest on a base- 
ment membrane of mainly laminins and type 
IV collagen with associated glycoproteins but 
low amounts of provisional ECM proteins 
such as fibronectin and fibrin (4). By con- 
trast, all forms of instability are associated 
with metalloprotease secretion, ECM deg- 
radation, assembly of provisional matrices, 
and alterations in key EC signaling and gene 
expression pathways. Stable vessels produce 
high amounts of angiopoietin 1, which binds 


Persistent instability and disease 


Local signals activate blood vessel endothelial cells (ECs), triggering events that transform 
ECs and create further instability. This is a feedforward cycle, as instability leads to 


mation, and vascular malformations. 

How do physiological and pathological re- 
modeling differ? In physiological remodeling, 
the initiating stimulus disappears once adap- 
tation is completed, leading to restoration of 
normalcy. By contrast, in pathological remod- 
eling, the initial triggers generally persist. 
Even when initiating triggers are removed, 
the vasculature does not return to its normal 
state. Such persistence involves positive feed- 
back loops that maintain the endothelium in 
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its EC receptor Tie2 to stabilize the vessels; 
expression of angiopoietin 2 (Ang2), an an- 
tagonist of Tie2, is low (9). Junctional perme- 
ability is low in stable vessels and elevated 
during inflammation and remodeling (8). 
This rule has exceptions because fenestrated 
endothelium allows passage of fluids, and the 
high endothelial venules that facilitate leuko- 
cyte movement into tissues during immune 
surveillance allow passage of cells; however, 
these forms of permeability have distinct 
mechanisms. All forms of remodeling are 
also associated with a shift toward a more 
oxidative state, or in the case of pathologies, 
to oxidative stress (10). 

Whereas stable vessels exhibit normal EC 
fate markers, vascular instability is associated 
with EndMT, in which endothelial markers 
are reduced and mesenchymal markers in- 
crease (JJ). Functional consequences include 
increased permeability, increased expression 
of leukocyte adhesion molecules, enhanced 
motility, and expression and deposition of 
provisional ECM. EndMT has been observed 
in physiological and pathological angiogen- 
esis, and in atherosclerosis, chronic inflam- 
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the remodeling or disease state, leading to 
disease progression. Several examples illus- 
trate this point. 

In atherosclerosis, statins slow progression 
but do not stop or reverse the disease even 
when plasma lipids are drastically lowered; 
ECs overlying atherosclerotic plaques remain 
activated. Some positive feedback loops in- 
volve increased vascular permeability and 
expression of leukocyte adhesion molecules. 
Entry of circulating ECM proteins such as 
fibronectin and fibrinogen into the vessel 
wall contributes to deposition of proinflam- 
matory provisional ECM. Leaky endothe- 
lium also allows entry of lipoproteins into 
inflamed vessel wall under oxidative stress, 
resulting in production of proinflammatory 
oxidized lipoproteins that further increase 
lipid uptake and inflammatory mediators. 
Activation of adaptive immune responses to 
damaged proteins within the plaque and en- 
hanced entrance of circulating inflammatory 
cells due to increased expression of adhesion 
molecules accelerate disease (3). Similar pro- 
cesses take place in transplant arteriopathy, 
characterized by low-grade, persistent vas- 
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TGF-B signals 


gn 
triggering endothelial-mesen- 
chymal transition (EndMT). 


cular inflammation and incomplete repair 
(12). CCMs also exhibit this constellation of 
increased permeability, altered ECM, inflam- 
matory activation, and EndMT that likely 
mediate disease progression (7). 

These findings imply that persistent insta- 
bility is central to multiple vascular disorders 
(see the figure). EndMT is likely an impor- 
tant component due to conversion of ECs 
to migratory mesenchymal cells that cause 
irreversible changes in tissue architecture. 
EndMT is induced by inflam- 
mation-driven decreases in pro- 
tective fibroblast growth factor 
(FGF) signaling in ECs, which in- 
creases sensitivity to TGF-B (77). 
Thus transformed, ECs increase 
expression of leukocyte adhesion 
molecules and altered ECM, and 
have high vascular permeability, 
further driving inflammation. 
These events establish a positive 
feedback loop in which EndMT 
drives inflammation, which leads 
to further EndMT. This inflam- 
mation-TGF-B circuit also pro- 
motes fibrosis, which is largely 
irreversible. 

This hypothesis implies that 
interventions to restore vascular 
stability might improve outcomes 
in multiple disease states. This 
might be achieved by agonists 
for Tie2, FGF receptors, or other 
pathways that promote stability, 
or by antagonists for inflamma- 
tory or endothelial TGF-8 path- 
ways that promote instability. 
The key requirement is to break the feedback 
loops that maintain the remodeling state and 
thereby restore tissue homeostasis. Although 
this notion flies in the face of current trends 
toward personalized medicine, the search for 
unifying principles that govern health and 
disease is as old as medicine. Much remains 
to be done before we achieve the deep un- 
derstanding of biological processes needed 
to design effective interventions in vascular 
disease, yet our current state of knowledge 
offers a glimpse of the path forward. & 


Restoration 
of normalcy 


Disease 
propagation 


REFERENCES 


1. R.H.Adams, K. Alitalo, Nat. Rev. Mol. Cell Biol. 8, 464 
(2007). 
2. M.Simons, A. Eichmann, Circ. Res. 116, 1712 (2015). 
3. |. Tabas et al., J. Cell Biol. 209, 13 (2015). 
4. A.Yurdagul Jr. etal., Biochem. J. 473, 1281 (2016). 
5. P.-Y.Chenetal., J. Clin. Invest. 125, 4514 (2015). 
6. S.Tual-Chalotet al., Front. Genet. 6,25 (2015). 
7. M.G.Lampugnaniet al., Curr. Opin. Hematol. 24,256 
(2017). 
8. J.A.Nagy et al., Angiogenesis 11,109 (2008). 
9. S.M.Parikh, Curr. Opin. Hematol. 24, 432 (2017). 
10. F. Santillietal., Vascul. Pharmacol. 74, 23 (2015). 
11. E.Dejanaetal., Nat. Commun. 8, 14361 (2017). 
12. R.N. Mitchell, Cardiovasc. Pathol. 13,33 (2004). 


10.1126/science.aat3470 


20 APRIL 2018 * VOL 360 ISSUE 6386 271 


80g ‘Zz Jd uo /io bewsdual|os aoua!9s//:dyjy wo papeojumog 


INSIGHTS 


COSMOLOGY 


Reconsidering the Nobel Prize 


After dust stymies a quest to confirm cosmic inflation, 
a physicist questions science’s most prestigious award 


By Paul Halpern 


n March 2014, the BICEP2 (Background 
Imaging of Cosmic Extragalactic Po- 
larization) collaboration, a team of 
astrophysicists mapping the cosmic 
background radiation left over from 
the Big Bang, excitedly an- 
nounced an unexpectedly strong 


LOSING 


signal in its data. The research- HE 


ers reported apparent evidence 
that primordial gravitational 
waves from a hypothesized rapid 
stretching of space, called the in- 
flationary era, skewed the radia- 
tion’s profile in a particular way. 

Although ordinary light is 
unpolarized, twisting equally in 
clockwise and counterclockwise 
directions—a bit like a balanced 
collection of left-handed and 
right-handed screws—BICEP2 
revealed distinct polarization 
patterns that beautifully matched some of 
inflation theory’s predictions. Months later, 
however, hopes were dashed when further 
analysis pointed to a more prosaic cause for 
the signal: interstellar dust. 


The reviewer is in the Department of Mathematics, Physics, 
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Losing the Nobel Prize 
A Story of Cosmology, 
Ambition, and the 
Perils of Science’s 
Highest Honor 


Brian Keating 
Norton, 2018. 350 pp. 


Losing the Nobel Prize, by astrophysicist 
Brian Keating of the University of California, 
San Diego, offers a riveting account of the 
rise and fall of the seeming confirmation of 
the cosmological theory of inflation. Keat- 
ing, who played a major role in the BICEP2 
project and in related previous endeavors, 
wonderfully captures the drama 
behind major (and expensive) cos- 
mological experiments that have 
the potential to revolutionize sci- 


LE ence and bolster careers. He nicely 


explains the impetus behind the 
inflationary-era hypothesis and 
describes why many researchers 
are eager to confirm it. 

Keating offers vivid profiles 
of the personalities involved 
in shaping our modern view of 
the universe, including the pio- 
neers of inflation. One of those 
figures, Princeton cosmologist 
Paul Steinhardt, receives spe- 
cial attention in the book for his contro- 
versial decision to abandon the inflation 
approach, which he helped mold, and his 
subsequent efforts to craft a competing 
model, called the cyclic universe. Keating 
cogently explains the philosophy behind 
Steinhardt’s decision, placing it in the con- 
text of earlier visions, such as the steady- 
state cosmological model. 
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The BICEP2 telescope (left) was deployed to search 
for evidence of cosmic inflation in 2009. 


Keating describes how the BICEP2 signal 
originally seemed to favor inflation and im- 
peril cyclic models. As a bonus, it seemed to 
provide a way of probing gravitational waves 
at the quantum level, potentially revealing 
new physics. He well captures the joy felt by 
inflationary theorists, such as Andrei Linde, 
when their models seemed proved at last and 
their grave disappointment when the pur- 
ported evidence vanished into dust. 

Occluding Keating’s account, however, 
are his personal beefs about “losing” the No- 
bel Prize. Unlike the Olympics or marathon 
races, the Nobel Prize is not a competition 
between vying players who train for a shot 
at a trophy. These days, physics has so many 
researchers and subfields that it is not always 
clear who and which are in contention. 

Normally, scientists don’t base their careers 
on what will snag them the “Nobel gold,” but 
rather on a passion for scientific inquiry and 
the enjoyment that comes from learning 
more about the universe. It is therefore jolt- 
ing to read passages in which he recalls cal- 
culating what he needed to do to maximize 
his chances of being a laureate and in which 
he recounts slights from his colleagues that 
threatened to block his way. 

Such gripes taint Keating’s otherwise 
thoughtful analysis of ways the Nobel com- 
mittee’s selection process could be improved. 
That is a shame, because many of his ideas, 
considered dispassionately, are quite worthy. 

Keating suggests, for example, opening up 
the physics prize to larger groups than the 
current maximum of three—a change that 
certainly makes sense given the sizable col- 
laborations in today’s megaprojects. He also 
urges establishing new prizes for emerging 
scientific disciplines and correcting past 
omissions. He supports allowing posthumous 
awards, within reason, such as to those who 
die right before their colleagues are hon- 
ored for the same result. Finally, he suggests 
awarding more prizes for serendipitous find- 
ings, rather than through confirmation. 

Losing the Nobel offers an important les- 
son that not everything in science goes ac- 
cording to plan. There are often many false 
starts before progress is made. Researchers 
can spend their careers planning and carry- 
ing out experiments that lead nowhere. 

Yet true scientific satisfaction comes with 
the journey, not just the destination. Even if 
the Nobel Prize vanished tomorrow, we are 
curious beings and would undoubtedly carry 
on extending the limits of knowledge. Losing 
the Nobel would be a shame, but hardly the 
end of science. & 
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ANCIENT DNA Who We Are = 
and How We Got Here = WHO WEARE 
ig = - Ancient DNA and HOW WEGOT HERE 
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Human Past pas 
David Reich 


tools wisely 


Troubling traces of biocolonialism undermine an otherwise 
eloquent synthesis of ancient genome research 


By Maria C. Avila Arcos 


n Who We Are and How We Got Here, 
David Reich gracefully describes how 
recent advances in genomics have en- 
abled the study of ancient genomes 
and how this, in turn, has significantly 
affected the study of the evolution- 
ary and demographic history of our spe- 
cies. With a pleasant narrative style that 
immediately engages both scientists and 
nonscientists, the book describes 
the technological and statistical 
advances that have allowed re- 
searchers to read the genomes of 
humans, past and present. 

The author is in a privileged 
position to convey the progress 
and major milestones achieved 
in the burgeoning field of ancient 
genomics because his research 
group has been a main player in 
this arena since the beginning. 
This means, of course, that the 
book disproportionately high- 
lights work from his lab, as Reich 
himself freely acknowledges. 
(Much of this progress has been 
made possible by a custom DNA 
capture kit that, as of now, can- 
not simply be ordered by other re- 
searchers. Access to such kits, at a 
reasonable cost, would greatly en- 
hance the ability of other groups to 
produce methodologically consistent data.) 

Combining personal views and “hard sci- 
ence, Who We Are and How We Got Here 
takes the reader on a journey from the dawn 
of our species to more recent events that 
have shaped our current population struc- 
ture, all in the context of the knowledge gen- 
erated by comparing the DNA of ancient and 
modern human populations. Throughout 
the book, Reich illustrates how continuous 
gene flow is the norm, not the exception, in 
the history of our species. “Mixture is funda- 
mental to who we are,” he writes. “[W]e need 
to embrace it, not deny it occurred.” 


The reviewer is at the International Laboratory for Human 
Genome Research, Juriquilla, Querétaro, Mexico. 
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The book eloquently addresses what an- 
cient DNA has revealed about these mix- 
ing events, from the interbreeding between 
our ancestors and the Neandertals and 
Denisovans 50,000 to 60,000 years ago to 
the effects of European colonization of the 
Americas, which gave rise to admixed Af- 
rican American and Latino populations. It 
describes the migrations and mixing events 
that formed the population structure ob- 
served in Europe, India, and East Asia over 


In our quest to understand human origins, we must remain vigilant with regard 
to the ethical implications of such research. 


the course of 10,000 years and explains how 
some current genetic variation can only be 
explained by past mixing with yet unchar- 
acterized ancient populations, which Reich 
refers to as “ghost” populations. 

Reich also proposes a controversial 
theory in which he suggests that modern 
human ancestors actually may have lived 
in Eurasia, not in Africa, calling Eurasia a 
“hothouse of human evolution.” According 
to this theory, ancestral humans, including 
Neandertals and Denisovans, descended 
from the African Homo erectus, left Africa 
for Eurasia, and later returned to serve 
as the founders of what would eventually 
evolve into modern humans. This provoca- 
tive proposal is sure to generate debate. 

Although scientifically solid and com- 


Published by AAAS 


Pantheon, 2018. 362 pp. 


prehensive, the book raises some concerns. 
Even though Reich devotes a substantial 
part of the book to discussing the impli- 
cations of ancient DNA research, he over- 
looks some of the most profound issues 
inherent in this type of work, specifically 
with regard to the practices surrounding 
the collection and processing of human 
DNA samples. 

Early in the book, for example, he writes 
that his goal is to build “an American-style 
genomics factory” to investigate ancient 
DNA. When one considers the social and 
historical context of the human populations 
that will be studied—many of which have 
been historically marginalized, 
colonized, and _ exploited—this 
statement becomes problematic. 
Such intentions could easily be 
perceived as a continuation of ex- 
ploitation or biocolonialism. 

An unfortunate analogy fur- 
ther highlights the problem. 
“We are ... like explorers in the 
late eighteenth century, sailing 
to every corner of the globe,” he 
writes. During the era to which 
Reich refers, European adven- 
turers indeed collected samples 
from around the world, but these 
specimens were usually taken 
without the consent of, or regard 
for, the communities to whom 
they rightfully belonged. 

On several occasions through- 
out the book, Reich reveals his 
frustration with policies and 
legislation that prohibit the ex- 
portation of samples or that restrict the 
study of human remains, but he fails to en- 
tertain the idea that such scenarios could 
represent opportunities to train local sci- 
entists and members of the communities 
from whence the samples came to conduct 
their own studies. Building local capaci- 
ties would allow this kind of research to be 
truly democratic. 

There is no doubt that Reich has 
changed the game when it comes to our 
understanding of human history. His book, 
however, misses critical opportunities to 
highlight some of the major ethical issues 
surrounding human genomes and ancient 
DNA research. 
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Ivory crisis: Growing 
no-trade consensus 


In their Perspective, “Breaking the 
deadlock on ivory” (15 December 2017, 
p. 1378), D. Biggs et al. propose steps to 
enhance unity around the African elephant 
poaching crisis. We support their recom- 
mendations for dialogue among African 
elephant range states. However, the 
Perspective misrepresents the evidence- 
driven rationale of the no-trade approach 
to ivory, promotes a counterproductive 
geographically divided approach to wildlife 
trade, and understates the growing world- 
wide policy consensus to end ivory trade. 
By asserting that a no-trade approach is 
motivated by “sacred” values and mis- 
identifying animal rights as central to this 
position, Biggs et al. imply that the no-trade 
approach is not pragmatic. In fact, the 
no-trade position and the pro-trade position 
differ not in core values or objectives, but in 
interpretations of evidence on the relative 
usefulness of improved governance, mar- 
kets, and sociocultural change in addressing 
poaching. It would be ideal if only ivory 
from naturally deceased elephants could 
be used to fund conservation sustain- 
ably. However, the evidence suggests that 
this cannot be practically achieved for 
elephants. Economic models supporting 
ivory sales ignore elephants’ low population 
and productivity (7). Thus, new demand for 
ivory will likely outpace new legal sup- 
ply, increase black market prices (2), and 
further incentivize elephant poaching in 
countries struggling to patrol vast areas (3). 
Legal trade also makes it more difficult to 
detect contraband (4) and fails to address 
the escalating levels of criminality driving 
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most ivory shipments over the past decade 
(5). A one-time legal ivory sale to China 
and Japan permitted by the Convention 
on International Trade in Endangered 
Species (CITES) in 2008 corresponded 
with an abrupt increase in poaching (2). 
In contrast, the 1989 ban on international 
ivory trade and decisions to restrict legal 
domestic trade from 2015 onward were 
each accompanied by at least a halving of 
the price of ivory (6, 7). 

Elephant conservation would suffer under 
Biggs et al’s proposal for further regional dif- 
ferentiation of ivory trade policies. Any legal 
trade in ivory undermines efforts to reduce 
elephant poaching everywhere (2). All 37 
African elephant range states have expressed 
shared conservation objectives in the 2010 
African Elephant Action Plan (8) and should 
be regarded as equal stakeholders. That 76% 
of African elephants live in transboundary 
populations (9) necessitates cooperation 
between neighbors and continent-wide 
management approaches. These approaches 
could include identifying revenue sources to 
replace ivory sales for pro-trade countries, as 
Biggs et al. suggest. CITES’ legitimacy would 
be undermined by devolving its authority 
or making decisions “outside of the public’s 
view,’ as proposed by Biggs et al. Decreasing 
public scrutiny during negotiations could 
increase vulnerability to commercial inter- 
ests or assertive governments focused on 
short-term benefits (70). 

In contrast to the “deadlock” portrayed 
by Biggs et al., a global consensus is grow- 
ing for a complete ban on trade in ivory 
to combat elephant poaching. Biggs et al. 
themselves recognized current near-total 
domestic bans on ivory trade (in the United 
States, China, and the United Kingdom) 
and the motion to stop all legal domestic 
sales adopted at the 2016 IUCN World 
Conservation Congress. Additionally, since 
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2010, Parties to CITES have dismissed 
proposals for sales of stockpiled ivory and 
rejected a decision-making mechanism that 
could reestablish trade (11). 

Instead of perpetuating demand for ivory 
through sales, we suggest that demand 
be minimized through a combination of 
regulatory instruments (domestic trade 
bans) and sociocultural interventions 
(behavior change campaigns). Other strate- 
gies include dismantling supply chains 
using intelligence-driven law enforce- 
ment; strengthening judicial systems; and 
encouraging cross-border cooperation, 
human-elephant coexistence projects, and 
alternative economic opportunities for 
poachers and traders. Combining nature- 
compatible livelihoods with strengthened 
revenue streams from elephant-oriented 
tourism could—if well-governed—promote 
equitable development and participatory 
conservation across rural Africa (72). 
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Ivory crisis: Role of 
bioprinting technology 


We agree with D. Biggs et al. (“Breaking 
the deadlock on ivory,’ Perspectives, 15 
December 2017, p. 1378) that to prevent the 
extinction of elephants, we must recognize 
that different values influence stakeholders’ 
perspectives. Poaching is increasingly driven 
by demand from China, with its growing 
number of wealthy consumers and inves- 
tors and its traditions of ivory usage (1). 
Moreover, ivory prices have increased con- 
siderably since 2000 (1-3), indicating that 
it is a good investment. Altering consumer 
preferences alone through changing mental 
models, as Biggs et al. propose, is unlikely 
to reduce the demand for ivory and prevent 
the killing of elephants. Policy-makers must 
take a broader systems-thinking approach, 
whereby they consider not only how people 
value ivory psychologically but also how 
technology can be used to influence under- 
lying economic demand and supply levers of 
the ivory trade, and ultimately its price. 
Developments in three-dimensional 
(3D) bioprinting have made it possible to 
produce an indistinguishable substitute 
of elephant ivory and rhino horn. Using 
a small sample of tissue, the machine can 
replicate the species’ DNA precisely in the 
printed version (4-6). Bioprinting offers 
several potential options for substantially 
reducing the market price for ivory. For 
example, if large volumes of bioprinted 
ivory were successfully introduced into 
African ivory markets (mixed, with- 
out detection, with the genuine ivory), 
then this ivory would likely pass further 
through the supply chain and into the 
black markets of Asia. A recent experiment 
shows that such an intervention is indeed 
possible (7). Mixing substantial volumes 
of bioprinted ivory into the supply chain, 
would not only increase supply and reduce 
the price, but also create information 
uncertainty among investors as to whether 
they are buying genuine ivory. This 
strategy has been shown to be effective in 
combating the shark fin trade (8). 
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Response 

Sekar et al. argue that there is unequivocal 
evidence that ivory trade bans are neces- 
sary for conserving elephants, and that a 
growing consensus removes the need to 
consider or incorporate alternative values 
in this debate. In doing so, they overlook 
relevant literature [e.g., (—3)] and do not 
account for marginalized voices from key 
range states (4). Their response illustrates 
why the current impasse is unlikely to be 
resolved without a new structured process, 
underpinned by recognition that interpre- 
tation of scientific information on both 
sides of any contentious debate is influ- 
enced by values (5, 6). 

Sekar et al. describe apparently com- 
pelling evidence for the consequences of 
different policies relating to ivory, but 
there is much literature that contests their 
conclusions (J—3, 7). For example, before 
the 17th Conference of the Parties (CoP), a 
technical advisory group of the Convention 
on International Trade in Endangered 
Species (CITES) took the unusual step 
of issuing a formal statement about the 
methodological shortcomings of one of the 
key working papers Sekar et al. cite (3, 8). 
Sekar et al. also cite the motion adopted at 
IUCN’s 2016 World Conservation Congress 
to prohibit legal domestic ivory sales 
as illustrating consensus. However, this 
debate was so adversarial that a diverse 
group of 30 prominent individuals, span- 
ning 20 countries and including people 
from eight nongovernmental organiza- 
tions and seven governments, publicly 
highlighted its pitfalls and urged for this 
approach to be avoided in the future (9). 

This lack of consensus explains why 
different range states, all of which are 
committed to conserving elephants and all 
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with access to the same data sets, continue 
to take opposing positions, illustrating how 
interpretation of evidence often reflects 
underlying assumptions, value systems, 
and mental models (0, 17). Our paper 
acknowledged that there is policy momen- 
tum toward a trade ban, but called for a 
new process because polarized debates per- 
sist between and among range states and 
researchers. If this polarization continues, 
it will undermine policy implementation. 

Despite Sekar et al’s claim, our propos- 
als would not undermine the legitimacy of 
CITES. Instead, we highlighted that experi- 
ence from other contentious issues, such as 
negotiating climate change policy and the 
end to armed conflict, shows that progress 
is more likely through iterations of discus- 
sion in small groups by key stakeholders, 
rather than in adversarial public environ- 
ments such as CITES CoPs (12, 13). Such an 
approach could be facilitated by CITES and 
feed into CITES processes, as happened 
with the African Elephant Range State 
Dialogues (14). We also reiterate that range 
states, which are the ultimate custodians 
of Africa’s elephants, should own and lead 
this process to develop policies that navi- 
gate the trade-offs their societies face. 

We did not advocate a particular policy 
position, but instead called for a structured 
process to overcome the barriers to evi- 
dence-based decision-making. This should 
account for the different values and mental 
models that influence this debate, building 
consensus on how the available evidence is 
interpreted and what research is needed to 
tackle uncertainties and data gaps. 

We agree with Sekar et al. that any 
process to build consensus must incorpo- 
rate the need for sustainable financing to 
protect elephants from poaching and other 
threats like habitat loss. Such financing 
also needs to provide economic benefits 
to communities that live with elephants. 
Critically, to strengthen sustainability, 
policy processes on ivory must give more 
of a voice to those responsible for and 
affected by policy decisions than to those 
who suffer none of the costs of living with 
elephants. Overcoming this long-standing 
deadlock requires a new approach; 
conservation can learn from successes in 
other polarized debates to achieve lasting 
positive outcomes for elephants and other 
iconic taxa threatened by illegal trade. 

We agree with Lenda e¢ al. that synthetic 
ivory might provide new solutions, but it 
could also have unintended negative conse- 
quences by changing the nature and size of 
the ivory trade in unpredictable ways. There 
is already an effort within CITES to address 
the issue of synthetically produced wildlife 
products (75), which would benefit from 
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adopting the structured process we propose. 
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Insurance coverage for 
genomic tests 


On 16 March, the Centers for Medicare 
and Medicaid Services (CMS) announced 
that Medicare will cover Food and Drug 
Administration (FDA)-approved or cleared 
genomic tests that encompass broad gene 


panels for advanced cancer patients (7). 
The final policy does not include the initial 
draft’s proposed “coverage with evidence 
development” (CED)—i.e., coverage of tests 
run as part of clinical trials and registries— 
which some had argued should be applied 
to develop a stronger evidence base for 
these tests (2). Instead, tests not already 
approved in the national coverage deter- 
mination can be reviewed for coverage by 
local Medicare Administrative Contractors 
(MACs). The new policy reflects a substan- 
tial shift in determining how genomic tests 
are evaluated for coverage, which pro- 
vides a needed “roadmap” for coverage. 
However, to develop effective and efficient 
policies, stakeholders should support 
further research to address how the new 
policy will affect ongoing cancer research 
as well as the access to and affordability 
of next-generation sequencing testing for 
cancer patients. 

The new policy has the potential to 
increase access to testing, but it may 
remain out of reach for many patients. 
Private payers may not follow the CMS 
policy for covered tests, as there are 
myriad reasons that payers have limited 
their coverage for broad genomic tests 
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(3), and private payers often do not use 
Medicare policies as precedents (4). The 
tests that remain uncovered by CMS may 
not be covered by local MACs either (5). 
The numerous laboratories that offer their 
own tests that do not currently meet the 
coverage requirements in the new policy 
may have trouble finding the trial partici- 
pants and funding they need to obtain the 
evidence required. Although CMS’s policy 
may spur these laboratories to develop 
evidence even without a CED requirement, 
this process may take several years, and its 
outcome is uncertain (4). The CMS policy 
is binding only on Medicare; it is uncertain 
whether states will cover these tests for 
Medicaid patients (6). 

Likewise, the policy may increase afford- 
ability and equity for these tests, but with 
caveats. Benefit-cost tradeoffs were not 
examined as they are outside the scope 
of CMS. CMS is caught in an ongoing 
dilemma: Coverage policies are determined 
irrespective of cost, yet there is a constant 
drumbeat of calls to reduce Medicare 
expenditures (7). Lastly, it will be impor- 
tant to understand the implications of the 
new policy for genomic tests for patients 
with other types of cancer and with other 


conditions, which face similar challenges 
to coverage (8). 

Given today’s challenging health policy 
environment, CMS should work with stake- 
holders, including other federal agencies, 
to carefully evaluate the benefits and risks 
of this novel coverage approach and to con- 
sider what additional policy mechanisms 
will be needed to ensure that the necessary 
evidence is generated. We must address the 
substantial uncertainty about the impact of 
coverage policies on the health outcomes 
of Medicare beneficiaries. 
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Megafauna, such as these 
rhinos, have been under threat 
from humans for millennia. 


Astrongly oxidizing 
Paleoproterozoic era 


Two billion years ago, marine sul- 
fate concentrations were around 
one-third as high as modern ones, 
constituting an oxidizing capacity 
equivalent to more than 20% 

of that of the modern ocean- 
atmosphere system. Blattler et al. 
found this by analyzing a remark- 
able evaporite succession more 
than 1 billion years older than 

the oldest comparable deposit 
discovered to date. These quan- 
titative results, for a time when 
only more qualitative information 
was previously available, provide a 
constraint on the magnitude and 
timing of early Earth's response 
to the Great Oxidation Event 2.3 
billion years ago. —HJS 
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Transient instruction 
changes migration 


The brain neocortex is built by 
waves of neurons migrating from 
deep within the brain to the sur- 
face layers. Ohtaka-Maruyama et 
al. found that a layer of neurons 
that multipolar neurons encoun- 
ter on their travels instructs the 
migrating neurons to change 
phenotype and direction (see 
the Perspective by Schinder and 
Lanuza). These subplate neurons 
form transient glutamatergic 
synapses with the immature 
migrants. This results in the 
migrating multipolar neurons 
becoming bipolar, more directed, 
and faster in their final migra- 
tions. —PJH 

Science, this issue p. 313; 

see also p. 265 
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Megafaunal loss 


oday, it is well known that 

human activities put larger 

animals at greater risk of 

extinction. Such targeting 

of the largest species is not 
new, however. Smith et al. show 
that biased loss of large-bodied 
mammal species from ecosystems 
is a signature of human impacts 
that has been following hominin 
migrations since the Pleistocene. 
If the current trend continues, 
terrestrial mammal body sizes 
will become smaller than they 
have been over the past 45 million 
years. Megafaunal mammals have 
a major impact on the structure of 
ecosystems, so their loss could be 


Inherited variation 
contributes to autism 


About one-quarter of genetic 
variants that are associated 
with autism spectrum disor- 
der (ASD) are due to de novo 
mutations in protein-coding 
genes. Brandler et al. wanted 
to determine whether changes 
in noncoding regions of the 
genome are associated with 
autism. They applied whole- 
genome sequencing to ~2600 
families with at least one 
affected child. Children with 
ASD had inherited structural 
variants in noncoding regions 
from their father. Regulatory 
regions of some specific genes 
were disrupted among multiple 
families, supporting the idea 
that a component of autism risk 
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particularly damaging. —SNV 
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involves inherited noncoding 
variation. —LMZ 
Science, this issue p. 327 


An innovative approach 
for a rare disease 


Charcot-Marie-Tooth disease 
type 2A (CMT2A) is a rare, inher- 
ited neurodegenerative condition. 
Affected individuals develop 
severe progressive muscle 
weakness, motor deficits, and 
peripheral neuropathy. Although 
defects in the gene encoding 
mitofusin 2 (MFN2) are known 
to cause CMT2A, the disease 
remains incurable. Rocha et 

al. identified specific MFN2 
residues contributing to the 
disease and developed a class of 
MFN2-agonist drugs. The small 
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molecules restored mitochondrial 
fusion and activity in the sciatic 
nerves of mice; they may also 
help in other diseases linked to 
mitochondrial trafficking. -PNK 
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Taking an active interest 
in HIV latency 


HIV cure efforts have been 
thwarted by an inability to target 
the latent reservoir, which is 
thought to be largely composed 
of resting CD4 T cells. A recent 
report suggested that the Fcy 
receptor CD32 might be a marker 
of latently infected CD4T cells. 
Abdel-Mohsen et al. meticulously 
examined T cells from treated HIV 
patients across the world. CD32* 
HIV-infected T cells had an acti- 
vated phenotype and HIV RNA, 
indicating active HIV transcrip- 
tion. In contrast, the majority of 
HIV DNA resided in CD32° cells. 
Thus, targeting CD32° cells is 
unlikely to hit the latent HIV 
reservoir. —LP 

Sci. Transl. Med. 10, eaar6759 (2018). 


Reserving the right 
to stretch 


Retractable antennae or certain 
spider silks can stretch well 
beyond their apparent length 
because they have a reserve of 
material that lets them expand 
and contract over much longer 
distances. Grandgeorge et al. 
made nonwoven fibrous mem- 
branes by electrospinning a 
block copolymer with varying 
ratios of two components. They 
infused these membranes with 
a liquid that let the fibers buckle 
and fold without changing the 


A designed polymer can stretch like a spring. 
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apparent surface area. When the 
membranes were stretched, this 
material could unbuckle and slide 
along the membrane surface, 
allowing it to extend without 
breakage. —MSL 
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Earlier detection of 
ovarian cancer 


Ovarian cancer is the fifth leading 
cause of cancer-related deaths 
among females in the United 
States, owing in part to the late 
stage at which it is often diag- 
nosed. Survival rates increase 
dramatically when it is detected 
early, and new methods for 
advanced detection are greatly 
needed. Williams et al. developed 
a carbon nanotube-based sen- 
sor that optically detects the U.S. 
Food and Drug Administration— 
approved ovarian cancer 
biomarker HE4. When implanted 
into live cancer-bearing mice, 
distinct wavelength responses 
from individual nanotubes in the 
device rapidly and repeatedly 
differentiated mice with ovarian 
cancer from controls. The same 
was true in tests using samples 
from ovarian cancer patients. 
—PJB 

Sci. Adv. 10.1126/sciadv.aaql090 

(2018). 


Recurring coherence 
A finite isolated system should 
return almost to its initial state 
if it evolves for long enough. For 
a large system, “long enough” is 
often unfeasibly long. Rauer et 
al. found just the right condi- 
tions to observe the recurrence 
of the initial state in a system of 
two one-dimensional superfluids 
with thousands of atoms in 
each. The superfluids were 
initially coupled—locking 
their quantum mechanical 
phases together—and then 
allowed to evolve indepen- 
dently. After the uncoupling, 
the researchers observed 
their phases regaining 
coherence two more times. 
—JS 


Science, this issue p. 307 


PLANT MICROBIOLOGY 


Edited by Caroline Ash 
and Jesse Smith 


dil ET ie Bale Ue 
Plant root chemicals 
«manipulate‘microbes,~ 
“., “inthe soil. © 


Tuning the soil for growth 
lant roots in soil are often regions of high microbial 
activity, known as rhizospheres; where symbiosis 
between plants and microbes promote plant growth. 
The composition of rhizosphere micfobiomes is influ- 
enced. by diverse factors. To find out how the various 
chemicals in root exudate affect the rhizosphere, Zhalnina 
et al. examined the wild oat grass Avena barbata. At different 
stages of the plant’s development, different chemicals were 
produced, and different bacteria responded to them. This 
“metabolic synchronization” provides insight into how plants 
manipulate the rhizosphere microbiome. —GKA 


Nat. Microbiol. 3,470 (2018). 


Tying genotype to 
phenotype, cell by cell 
RNA transcripts can now be 
sequenced within single cells. 
Such studies identify variants 
that affect gene expression 

at a level that may not be 
detected by bulk sequencing. 
Van der Wijst et al. sequenced 
~25,000 individual blood cells 
from 45 individuals. Expression 
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quantitative trait loci that had 
previously been identified in 
bulk studies were found, which 
helped validate the approach. 
An additional 287 genes were 
identified that showed differ- 
ences in expression in single 
cells resulting from genetic 
variation, 48 of which differed 
among cell types. Furthermore, 
single-cell sequencing detected 
variants that affect regula- 
tory networks and revealed 
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MICROBIOLOGY 


Weathering life after death 


ife is tough on rock exposed to ultraviolet radiation and extreme desiccation, and foodis— 


scarce. But microbial life does get a grip, and it contributes substantial to rock weatherin 2 
harvesting minerals for metabolism. Brewer and Fierer sampled 149 gravestones from Eur 


HU 


and the Americas and used marker-gene and shotgun metagenomic sequencing to uncover 

what was living on them. Geography, climate, and rock type were the main determinants of the 
microbial communities. Granite-based organisms were genetically geared for acid tolerance and 
mobility, whereas limestone-based communities tended to live in lichen associations, fix carbon, 
and resist radiation. Many of the communities were symbiotic or endolithic, indicating that some 
recourse to food and shelter is available even on the smoothest slab. —CA 


Environ. Microbiol. 20,958 (2018). 


personalized coexpression pat- 
terns. —LMZ 


Nat. Genet. 10.1038/s41588-018- 
0089-9 (2018). 


ICE SHEETS 
Explaining uneven 
mass loss 


The Greenland Ice Sheet, along 
with the Antarctic lce Sheet and 
glaciers worldwide, is melting at 
an accelerating rate. This melt- 
ing is not uniform, however, with 
adjacent fjords often exhibiting 
quite different behaviors. What 
can account for those differ- 
ences? Millan et al. present 
oceanographic observations 
and bathymetric data from the 
vicinity of 20 major glaciers in 
southeast Greenland, which 
show that retreating glaciers 
occupy deep valleys exposed to 
warm Atlantic water, whereas 


stable ones rest on sills away 
from warm water. These obser- 
vations can explain the complex 
pattern of ice-front positions 
from the 1930s to the present. 
—HJS 
Geophys. Res. Lett. 
10.1002/2017GL076561 (2018). 


MAGNETISM 
Manipulating an 
antiferromagnet 


Magnetic materials are 
routinely used in electronic 
devices, and the ability to 
change their magnetic state 
using electric fields is highly 
desirable. Most devices use fer- 
romagnets—materials in which 
individual atomic spins all point 
in one direction—but there 

are important advantages to 
developing analogous devices 
with antiferromagnetic (AFM) 
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Tombstone encrustation is 
influenced by rock chemistry. 


materials. Liu et al. made thin 
films of the AFM MnPt,, a 
material that transitions from 
a noncollinear to a collinear 
AFM state a bit above room 
temperature. The thin films 
were grown on a ferroelectric 
substrate; applying an electric 
field to the substrate near 
the transition temperature 
changed the strain in the 
MnPt, film, which in turn 
caused the film to change its 
spin structure from collinear to 
noncollinear. —JS 

Nat. Electron. 1,172 (2018). 


METASURFACES 
Reconfigurable 


metasurfaces 

The design flexibility in pat- 
terning metasurfaces allows 
many bulk optical compo- 
nents to be replaced with 
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elements just a fraction of 
their thickness. For integrated 
optical devices or miniatur- 
ized lightweight components, 
metasurfaces offer a clear 
advantage over glass-based 
optics. By combining meta- 
surface designs with arrays of 
electromechanically actu- 
ated microcantilevers, Zhao 
et al. demonstrate the ability 
to actively control the optical 
properties of a metasurface. 
Operating in the terahertz 
regime, they show that they can 
manipulate the polarization of 
transmitted light in real time to 
form a waveplate. Such active 
control of metasurface proper- 
ties will be useful for developing 
imaging and sensing terahertz 
technologies. —ISO 

Optica 5, 303 (2018). 


CANCER 
Even more genes 
control cell growth 


A full understanding of cancer 
evolution needs a system- 

atic approach. Screening for 
genes that drive unrestrained 
proliferation of human cells 
could answer questions about 
the relative roles of mutations, 
gene dose, and tissue specific- 
ity in cancer development. To 
find those for which dosage 
changes could promote or 
inhibit cell proliferation, Sack 
et al. screened 16,000 genes 

in mammary, fibroblast, and 
pancreatic cells. They found 
nearly 400 genes that drove 
cell growth and more than 
1000 that suppressed prolif- 
eration. Many expected genes 
that control the cell cycle were 
detected, but most of the iden- 
tified genes were not previously 
known to regulate prolifera- 
tion. Alterations in the somatic 
copy number of these genes in 
cancers indicate that they may 
contribute to tumorigenesis. 
Proliferation control depended 
strongly on cell type. Specific 
genetic-network architecture 
may be created during develop- 
ment in different cell types, 
perhaps through epigenetic 
control. -—LBR 

Cell 10.1016/}.cell.2018.02.037 (2018). 
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YEAST GENOMICS 
Trigenic interactions in 


yeast link bioprocesses 


To dissect the genotype- 
phenotype landscape of a cell, 
it is necessary to understand 
interactions between genes. 
Building on the digenic protein- 
protein interaction network, 
Kuzmin et al. created a trigenic 
landscape of yeast by using a 
synthetic genetic array (see 
the Perspective by Walhout). 
Triple-mutant analyses indicated 
that the majority of genes with 
trigenic associations functioned 
within the same biological 
processes. These converged on 
networks identified in the digenic 
interaction landscape. Although 
the overall effects were weaker 
for trigenic than for digenic 
interactions, trigenic interac- 
tions were more likely to bridge 
biological processes in the cell. 
—LMZ 

Science, this issue p. 283; 

see also p. 269 


ADVANCED IMAGING 
Continuing the 
resolution revolution 


The living cell contains dynamic, 
spatially complex subas- 
semblies that are sensitive to 
external perturbations. To mini- 
mize such perturbations, cells 
should be imaged in their native 
multicellular environments, 
under as gentle illumination as 
possible. However, achieving 
the spatiotemporal resolution 
needed to follow three-dimen- 
sional subcellular processes in 
detail under these conditions 

is challenging: Sample-induced 
aberrations degrade resolution 
and sensitivity, and high resolu- 
tion usually requires intense 
excitation. Liu et al. combined 
noninvasive lattice light-sheet 
microscopy with aberration-cor- 
recting adaptive optics to study 
a variety of delicate subcellular 
events in vivo, including organ- 
elle remodeling during mitosis 
and growth cone dynamics 
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during spinal cord development. 
—SMH 


Science, this issue p. 284 


QUANTUM OPTICS 
Large-scale integrated 


quantum optics 


The ability to pattern optical 
circuits on-chip, along with 
coupling in single and entangled 
photon sources, provides the 
basis for an integrated quantum 
optics platform. Wang et al. dem- 
onstrate how they can expand on 
that platform to fabricate very 
large quantum optical circuitry. 
They integrated more than 550 
quantum optical components 
and 16 photon sources ona 
state-of-the-art single silicon 
chip, enabling universal gen- 
eration, control, and analysis of 
multidimensional entanglement. 
The results illustrate the power 
of an integrated quantum optics 
approach for developing quan- 
tum technologies. —|SO 

Science, this issue p. 285 


NANOPHOTONICS 
Light confined to a single 
atomic layer 


The development of nanopho- 
tonic technology is reliant on 
the ability to confine light to 
spatial dimensions much less 
than the wavelength of the light 
itself. Typically, however, in metal 
plasmonic approaches, there 
is a trade-off between confine- 
ment and losses. Alcaraz lranzo 
et al. fabricated heterostruc- 
tures comprising monolayers of 
graphene and hexagonal boron 
nitride (ABN) and an array of 
metallic rods. The light was con- 
fined vertically (as propagating 
plasmons) between the metal 
and the graphene, even when 
the insulating hBN spacer was 
just a single monolayer. Such 
heterostructures should provide 
a powerful and versatile platform 
for nanophotonics. —ISO 
Science, this issue p. 291 
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MATERIALS SCIENCE 
Small, smooth, and 
bendable diamonds 


If you manage to deforma 
diamond, it usually means you 
have broken it. Diamonds have 
very high hardness, but they 
do not deform elastically. This 
limits their usefulness for some 
applications. However, Banerjee 
et al. discovered that diamond 
nanoneedles can deform 
elastically after all (see the 
Perspective by LLorca). The key 
was in their small size (300 nm), 
which allowed for very smooth- 
surfaced, defect-free diamonds. 
The deformation was close to 
the theoretical limit for diamond, 
which opens up the potential for 
applications in microelectronics 
and drug delivery. —BG 
Science, this issue p. 300; 
see also p. 264 


COLLOIDS 
Images frozen in time 


Freezing processes involving 
multiple phases are common, as 
seen in the zone refining used to 
remove impurities from a crystal 
through the heating of a narrow 
region. However, it is difficult to 
visualize the processes as they 
happen. Dedovets et al. studied 
the freezing of an oil-in-water 
emulsion and the interaction of 
the oil droplets with the leading 
edge of the freezing water. In 
situ visualization of the freez- 
ing front was achieved through 
confocal microscopy of samples 
on amoving sample holder. The 
authors tracked the effects of 
solution concentration on the 
droplet positions and observed 
premelting at the interface of the 
droplets by using fluorescence 
markers. —MSL 


Science, this issue p. 303 


PLANT ECOLOGY 


Ashort-term trend 


reversed 


Theory and empirical data both 
support the paradigm that C, 
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plant species (in which the first 
product of carbon fixation is a 
four-carbon molecule) benefit 
less from rising carbon dioxide 
(CO,) concentrations than C, 
species (in which the first prod- 
uct is a three-carbon molecule). 
This is because their different 
photosynthetic physiologies 
respond differently to atmo- 
spheric CO, concentrations. 
Reich et al. document a 
reversal of this pattern ina 
20-year CO, enrichment experi- 
ment using grassland plots 
with each type of plant (see 
the Perspective by Hovenden 
and Newton). Over the first 12 
years, biomass increased with 
elevated CO, in C, plots but not 
C, plots, as expected. But over 
the next 8 years, the pattern 
reversed: Biomass increased in 
C, plots but not C, plots. Thus, 
even the best-supported short- 
term drivers of plant response 
to global change might not 
predict long-term results. 
—AMS 

Science, this issue p. 317; 

see also p.263 


CANCER GENOMICS 
The cellular composition 
of H3K27M gliomas 


Diffuse midline gliomas with his- 
tone H3 lysine27-to-methionine 
mutations (H3K27M-glioma) 
are an aggressive type of child- 
hood cancer with few options 
for treatment. Filbin et a/. used a 
single-cell sequencing approach 
to study the oncogenic pro- 
grams, genetics, and cellular 
hierarchies of H3K27M-glioma. 
Tumors were mainly composed 
of cells resembling oligodendro- 
cyte precursor cells, whereas 
differentiated malignant 

cells were a smaller fraction. 

In comparison with other 
gliomas, these cancers had 
distinct oncogenic programs 
and stem cell-like profiles that 
contributed to their stable 
tumor-propagating potential. 
The analysis also identified a 
lineage-specific marker that 


sciencemag.org SCIENCE 


may be useful in developing 
therapies. —LMZ 


Science, this issue p. 331 


STRUCTURAL BIOLOGY 
First steps of 
translocation elucidated 


Ribosomes synthesizing mem- 
brane or secretory proteins are 
targeted to the endoplasmic 
reticulum (ER) in eukaryotic 
cells by the signal recognition 
particle (SRP). Upon reaching 
the ER, the SRP interacts with 
its receptor to promote transfer 
of the signal sequence to the 
protein-conducting channel 
or translocon. Kobayashi et al. 
studied the ribosomal com- 
plex that forms on the ER, in 
which the SRP and its receptor 
interact to transfer the newly 
synthesized protein to the 
translocon. The observed orga- 
nization of the assembly reveals 
the roles of multiple eukaryotic- 
specific protein components 
present in the SRP and its 
receptor in stabilizing the con- 
formation that facilitates signal 
sequence handover. —SMH 
Science, this issue p. 323 


NEURODEGENERATION 
Conformation changes or 
cooperativity? 

Parkin is acommonly mutated 
protein ubiquitin ligase impli- 
cated in Parkinson's disease. 
Understanding how Parkin func- 
tions is important to 
understanding its pathogenic 
role. In a Perspective, Arkinson 
and Walden discuss recent 
structural insights into the 
activities of Parkin. These have 
led to the interesting proposal 
that Parkin, and other ubiquitin 
ligases in the same family, may 
function cooperatively—so 
that two proteins are needed to 
carry out its enzymatic func- 
tions. Although conformational 
changes of Parkin are not ruled 
out, this model may help explain 
the Parkinson's disease— 
associated mutation profile 
that spans the Parkin protein. 
—GKA 


Science, this issue p. 267 
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HYPOTHESIS 
Restoring blood vessel 
stability 


What if a wide array of diseases 
that afflict blood vessels—from 
atherosclerosis to transplant 
vasculopathy and vascular 
malformations—had a common 
causal element? In a Perspective, 
Schwartz et al. propose that 
fundamental aspects of normal 
vascular remodeling promote 
disease if prolonged or exag- 
gerated. They also suggest that 
unchecked vascular endothelial 
cell activation and extracellular 
matrix remodeling are common 
to multiple pathologies. If this is 
the case, interventions to restore 
vascular stability could improve 
health outcomes in multiple 
disease states. —LC 

Science, this issue p. 270 


HORMONES 
Estrogen accentuates 
autoimmunity 


More than any other risk 
factor, being female confers 
the greatest risk of develop- 
ing an autoimmune disorder. 
Mohammad et al. identified a 
role for estrogen in the devel- 
opment of autoimmune T cell 
responses. Deletion of estro- 
gen receptor a (ERa) in T cells 
reduced disease burden ina 
mouse model of colitis. ERa- 
expressing T cells were more 
activated after stimulation and 
produced more proinflammatory 
cytokines than T cells lacking 
this receptor. Conversely, 
ERa-deficient T cells were more 
likely to differentiate into regula- 
tory T cells, which suppress the 
development of autoimmune 
disorders. -ERW 

Sci. Signal. 11, eaap9415 (2018). 


ALLERGY 


Potent platelets 
Anaphylaxis results from inap- 
propriate immune responses 
to allergens. Human platelets 
express the immunoglobulin G 
(IgG) receptor FeyRIIA/CD32A 
and release inflammatory 
mediators in response to their 
engagement. However, the 


contribution of platelets to 
anaphylaxis is not well under- 
stood. To address this, Beutier 
et al. developed mouse models 
that express either human 
FeyRIIA/CD32A alone or the full 
human IgG receptor complexity. 
Anaphylaxis induced a marked 
decrease in platelet levels, but 
preventive platelet depletion 
reduced anaphylaxis sever- 

ity. A clinical study of patients 
with drug-induced anaphylaxis 
showed that a severe reaction 
was likewise associated with 
fewer circulating platelets. 
Activated platelets released 
serotonin, which contributed 
to anaphylaxis severity. Thus, 
platelets play a critical role in 
|gG-mediated anaphylaxis. 
—CNF 


Sci. Immunol.3,eaan5997 (2018). 
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INTRODUCTION: Genetic interactions occur 
when mutations in different genes combine 
to result in a phenotype that is different from 
expectation based on those of the individual 
mutations. Negative genetic interactions oc- 
cur when a combination of mutations leads to 
a fitness defect that is more exacerbated than 
expected. For example, synthetic lethality oc- 
curs when two mutations, neither of 
which is lethal on its own, generate 
an inviable double mutant. Alterna- 
tively, positive genetic interactions 
occur when genetic perturbations 
combine to generate a double mutant 
with a greater fitness than expected. 
Global digenic interaction studies have been 
useful for understanding the functional wiring 
diagram of the cell and may also provide insight 
into the genotype-to-phenotype relationship, 
which is important for tracking the missing 
heritability of human health and disease. Here 
we describe a network of higher-order trigenic 
interactions and explore its implications. 


at http://d 


RATIONALE: Variation in phenotypic outcomes 
in different individuals is caused by genetic de- 
terminants that act as modifiers. Modifier loci 
are prevalent in human populations, but knowl- 
edge regarding how variants interact to modu- 
late phenotype in different individuals is lacking. 
Similarly, in yeast, traits including conditional 
essentiality—in which certain genes are essen- 
tial in one genetic background but nonessential 
in another—often result from an interplay of 
multiple modifier loci. Because complex mod- 
ifiers may underlie the genetic basis of phys- 
iological states found in natural populations, 
it is critical to understand the landscape of 
higher-order genetic interactions. 


The list of author affiliations is available in the full article online. 
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}Corresponding author. Email: chadm@umn.edu (C.L.M.); 
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RESULTS: To survey trigenic interactions, we 
designed query strains that sampled key fea- 
tures of the global digenic interaction network: 
@) digenic interaction strength, (ii) average 
number of digenic interactions, and (iii) di- 
genic interaction profile similarity. In total, 
we tested ~400,000 double and ~200,000 tri- 
ple mutants for fitness defects and identified 

~9500 digenic and ~3200 trigenic 


negative interactions. Although tri- 


Read the full article 


genic interactions tend to be weaker 
than digenic interactions, they were 
both enriched for functional relation- 
ships. About one-third of trigenic 
interactions identified “novel” con- 
nections that were not observed in our di- 
genic control network, whereas the remaining 
approximately two-thirds of trigenic interac- 
tions “modified” a digenic interaction, sug- 
gesting that the global digenic interaction 
network is important for understanding the 
trigenic interaction network. Despite their 
functional enrichment, trigenic interactions 
also bridged distant bioprocesses. We estimate 
that the global trigenic interaction network 
is ~100 times as large as the global digenic 
network, highlighting the potential for com- 
plex genetic interactions to affect the biol- 
ogy of inheritance. 


x.doi. 


CONCLUSION: The extensive network of tri- 
genic interactions and their ability to gen- 
erate functionally diverse phenotypes suggest 
that higher-order genetic interactions may 
play a key role in the genotype-to-phenotype 
relationship, genome size, and speciation. 


Systematic analysis of trigenic interac- 
tions. We surveyed for trigenic interactions 
and found that they are ~100 times as 
prevalent as digenic interactions, often 
modify a digenic interaction, and connect 
functionally related genes as well as genes 
in more diverse bioprocesses (multicolored 


(2018). DOI: 10.1126/science.aaol729 
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nodes). PPI, protein-protein interaction. 


Mapping digenic and corresponding 
trigenic interaction networks 

Digenic and trigenic interactions were scored in 
parallel for the corresponding single mutant and 
double mutant query strains (large nodes). 


Trigenic 
interactions 


Digenic 
interactions 


Global digenic network properties of query 
genes enriched for trigenic interactions 


Avg. digenic 
interaction degree 


Trigenic interactions are functionally 
informative 


PPI 
Co-expression 


Co-annotation 


Co-Localization 


BB Digenic interactions 
IB Trigenic interactions 


Trigenic interactions often 
overlap digenic interactions 


Estimate of global negative genetic 
interaction networks 
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To systematically explore complex genetic interactions, we constructed ~200,000 yeast 
triple mutants and scored negative trigenic interactions. We selected double-mutant 
query genes across a broad spectrum of biological processes, spanning a range of 
quantitative features of the global digenic interaction network and tested for a genetic 
interaction with a third mutation. Trigenic interactions often occurred among functionally 
related genes, and essential genes were hubs on the trigenic network. Despite their 
functional enrichment, trigenic interactions tended to link genes in distant bioprocesses 
and displayed a weaker magnitude than digenic interactions. We estimate that the 
global trigenic interaction network is ~100 times as large as the global digenic network, 
highlighting the potential for complex genetic interactions to affect the biology of 
inheritance, including the genotype-to-phenotype relationship. 


enetic interactions occur when a combi- 

nation of mutations in different genes 

leads to an unexpected phenotype that 

deviates from a model incorporating the 

combined effects of the corresponding 
single-mutant phenotypes. In humans, each in- 
dividual carries thousands of different variants 
that may modulate gene function, which means 
that there is incredible potential for combinato- 
rial genetic interactions to determine our person- 
al phenotype (J, 2). Indeed, genetic interactions 
are thought to represent a substantial compo- 
nent of the missing heritability associated with 
current genome-wide association studies (GWAS) 
(3). However, the statistical limitations associated 
with GWAS data sets preclude the detection of 
specific genetic interactions, and thus potential 
genetic networks underlying inherited traits, 
including diseases, remain elusive (3-5). To ad- 
dress the role of genetic interactions in the 
genotype-to-phenotype relationship, we have 
been exploring their general principles through 
systematic analysis of genetic networks under- 
lying cellular fitness in a genetically tractable 
model system, the budding yeast Saccharomyces 


cerevisiae (6). Our previous studies focused pre- 
dominantly on genetic interactions involving two 
genes (digenic interactions) (7). In this study, we 
analyzed a series of single-, double-, and triple- 
mutants by quantifying their colony size, as a 
proxy for fitness, to systematically explore com- 
plex genetic interactions. 

There are two basic types of fitness-based ge- 
netic interactions. A negative genetic interac- 
tion refers to a combination of mutations that 
results in a fitness defect that is more severe than 
expected (8). Synthetic lethality is an extreme 
example of a negative genetic interaction and 
occurs when two mutations, neither of which is 
lethal on its own, combine and lead to an inviable 
double-mutant phenotype (9, 10). Conversely, 
a positive genetic interaction occurs when a 
combination of genetic perturbations gener- 
ates a double mutant with a greater fitness than 
expected; one example is genetic suppression, in 
which the fitness defect of a query mutant is 
alleviated by a mutation in a second gene (11). 
To map a global digenic interaction network 
for yeast, we constructed millions of double mu- 
tants and identified hundreds of thousands of 


negative and positive genetic interactions (7). To 
put these results in perspective, although only 
~1000 of the ~6000 total yeast genes are indi- 
vidually essential and cause lethality when deleted 
(72) and an equivalent number of nonessential 
genes cause a slow-growth defect under standard 
laboratory conditions (13), ~550,000 different yeast 
gene pairs display a combinatorial negative ge- 
netic interaction, including a subset of ~10,000 
extreme synthetic lethal interactions involving 
nonessential gene pairs (7). Thus, there are nu- 
merous potential ways to generate extreme lethal 
phenotypes through negative digenic interactions 
of nonessential gene pairs. 

The set of digenic interactions for a query gene, 
its genetic interaction profile, provides a quan- 
titative measure of function, because genes with 
similar roles have overlapping profiles (14, 15). 
Genes belonging to the same biological path- 
way or protein complex display highly similar 
genetic interaction profiles. Moreover, a global 
network based on digenic interaction profile sim- 
ilarity reveals a hierarchy of functional modules, 
which includes detailed pathways and complexes, 
that in turn cluster into larger modules corre- 
sponding to bioprocesses. Those larger units sub- 
sequently assemble into modules corresponding 
to cellular compartments to outline the functional 
architecture of a cell (7). 

A complete understanding of the role of ge- 
netic interactions in the genotype-to-phenotype 
relationship requires that we also investigate com- 
plex, higher-order genetic interactions involving 
more than two genes. Because there are ~2000 
times as many triple gene combinations as gene 
pairs (~18 million), it is possible that there is a 
substantially greater number of trigenic than 
digenic interactions and that higher-order inter- 
actions may be important for driving inherited 
traits. In this study, we surveyed yeast trigenic 
interactions, sampling quantitative features of 
the digenic network, and explored the impli- 
cations of the higher-order genetic interaction 
network. 


Mapping trigenic interactions 
quantitatively and surveying the 
global trigenic landscape 


To explore the trigenic interaction landscape, we 
designed query strains that sampled three key 
quantitative features of our global digenic in- 
teraction network (7). We designed query strains 
carrying mutations in two genes spanning a 
range of the following features: (1) digenic in- 
teraction strength, (2) number of digenic inter- 
actions (average digenic interaction degree), and 
(3) digenic interaction profile similarity (Fig. 1A 
and table S1). Gene pairs were selected to fill 
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bins of varying digenic interaction attributes and 
to cover all major biological processes in the cell, 
thus producing a sample that would provide a di- 
verse survey of the trigenic interaction landscape. 
We largely focused on unambiguous singletons 
because duplicated genes represent a relatively 
small subset of genes and thus can only represent 
a small fraction of the global trigenic interac- 
tion network. For this survey, we constructed 
151 double-mutant query strains and 302 single- 
mutant strains, encompassing 47 temperature- 
sensitive alleles of different essential genes and 
255 deletion alleles of nonessential genes. The 
query strains in this set were selected to span 
the different digenic attribute bins according to 
predefined thresholds (table S1). An additional 
31 double-mutant queries fell outside of the de- 
fined thresholds but were included for validation 
and comparison purposes (data S1 to S3) (16). 
The fitness of the resulting query strains was mea- 
sured using a quantitative growth assay, and the 
behavior of the single- and double-mutant query 
strains showed strong agreement with our pre- 
viously published data set (figs. S1 and S2 and 
data S4) (7, 15). 


A B Cc 
Quantitative criteria for query gene selection MATa Mutant Query MATa Output Array 
low medium high Double mutant Triple mutant 
gene1A array 
ee ; gene2A 
1. Neg. digenic interaction strength SGA 
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2. Avg. digenic interaction degree 


3. Interaction profile similarity 
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gene2A 
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Trigenic interaction screening required devel- 
opment and implementation of three opera- 
tional components. First, synthetic genetic array 
(SGA) analysis—an automated form of yeast ge- 
netics that is often used to cross a query gene 
mutation into an array of single mutants to 
generate a defined set of haploid double mutants 
(6)—was adapted such that a double-mutant 
query strain could be crossed into an array of 
single mutants to generate triple mutants for 
trigenic interaction analysis (Fig. 1B). Because 
the identification of a trigenic interaction re- 
quires comparison with the corresponding dou- 
ble mutants, we also conducted screens in which 
the individual mutants of the query gene pair 
were scored for digenic interactions (Fig. 1B). 
Second, for experimental feasibility, we assem- 
bled a diagnostic array of 1182 strains, compris- 
ing 990 nonessential gene deletion mutants and 
192 essential gene mutants carrying temperature- 
sensitive alleles, which combine to span ~20% 
of the yeast genome (data S5). The diagnostic 
array was designed to be highly representative 
of the rest of the genome in terms of exhibited 
genetic interaction profiles (fig. S3). Briefly, ar- 


. —EE 
Single mutant : : Double mutant 
Diagnostic MATa array-1 
Single Mutant Array 


Fig. 1. Triple-mutant synthetic genetic array (SGA) analysis. (A) Criteria for selecting query strains for 
sampling trigenic interaction landscape of singleton genes in yeast. The gene pairs were grouped into three 
general categories based on a range of features: (1) Digenic interaction strength. Gene pairs were directly 
connected by zero to very weak (digenic interaction score: O to —0.08, n = 74 strains), weak (—0.08 to —0.1, 

n = 32), or moderate (<-O.1, n = 45) negative digenic interactions. (2) Number of digenic interactions. Gene 
pairs had a low (10 to 45 interactions, n = 50), intermediate (46 to 70, n = 53), or high (>71, n = 48) average 
digenic interaction degree (denoted by the number of black edges of each node). (3) Digenic interaction profile 
similarity. Gene pairs had low (score: —0.02 to 0.03, n = 46; represented by genes A and B, which show a 
relatively low overlap of genetic interactions with genes K to R), intermediate (0.03 to 0.1, n = 59; represented 
by genes C and D, which display an intermediate overlap of genetic interactions), or high (>0.1, n = 46, rep- 
resented by genes E and F, which display a relatively high level of overlap of genetic interactions) functional 
similarity, as measured by digenic interaction profile similarity and coannotation to the same GO term(s). Query 
mutant genes were either nonessential deletion mutant alleles (A) or conditional temperature-sensitive (ts) 
alleles of essential genes. (B) Diagram illustrating the triple-mutant SGA experimental strategy. To quantify a 
trigenic interaction, three types of screens are conducted in parallel. To estimate triple-mutant fitness, a double- 
mutant query strain carrying two desired mutated genes of interest (red and blue filled circles) is crossed 

into a diagnostic array of single mutants (black filled circle). Meiosis is induced in heterozygous triple 
mutants, and haploid triple-mutant progeny is selected in sequential replica pinning steps. In parallel, single- 
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ray strains were selected from a larger genetic 
interaction data set for their ability to represent 
different regions of the global network in a min- 
imally redundant way. This was accomplished 
by iteratively selecting strains to maximize the 
performance of profile similarities when predict- 
ing coannotations to a functional gold standard 
(7). Third, we developed a scoring method, the 
t-SGA score, which combines double- and triple- 
mutant fitness estimates derived from colony 
size measurements to identify trigenic interactions 
quantitatively (Fig. 1C). The t-SGA score differs 
from the MinDC score reported previously (78), 
because it accounts for all cases in which two of 
the genes are not independent, resulting in an ex- 
pectation that contains digenic interaction effects 
scaled by the fitness of the noninteracting genes 
(fig. S4) (16). The final trigenic t-SGA interaction 
score then accounts for digenic effects but also 
enables detection of trigenic interactions in which 
digenic effects of insufficient explanatory power 
can be found. 

We focused exclusively on the analysis of del- 
eterious negative trigenic interactions for two 
reasons. First, quantitative scoring of negative 


Tik = Fix 7 Sfife : Eto End C EF, 
| ———— 


digenic 
interactions 
observed triple mutant fitness 
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mutant control query strains are used to generate double mutants for fitness analysis. (C) Triple-mutant 
SGA quantitative scoring strategy. The top equation shows the quantification of a digenic interaction, where ej is the digenic interaction score, fij is the 
observed double-mutant fitness, and the expected double-mutant fitness is expressed as the product of single-mutant fitness estimates fifj. In the 
bottom equation, the trigenic interaction score (tj,) is derived from the digenic interaction score, where fi, is the observed triple-mutant fitness and fiffx 
is the triple-mutant fitness expectation expressed as the product of three single-mutant fitness estimates. The influence of digenic interactions is 
subtracted from the expectation, and each digenic interaction is scaled by the fitness of the third mutation. 
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genetic interactions is often more accurate than 
that for positive interactions because there is a 
greater signal-to-noise ratio for negative genetic 
interactions. Hence, negative genetic interac- 
tions are associated with lower false-positive 
and false-negative rates than positive interactions 
(8), a feature that is important for the robust 
statistical analysis necessary to differentiate true 
trigenic interactions from the extensive back- 
ground digenic network. Second, negative digenic 
interactions are generally more functionally in- 
formative than positive digenic interactions (8), 
and thus the large-scale mapping of a negative 
trigenic interaction network is expected to pro- 
vide the most mechanistic insight into gene 
function and pathway wiring. 


Trigenic interactions are enriched 
for functionally related genes 


To obtain sufficient precision, we carried out 
each analysis, which involved screening the in- 
dividual query genes for digenic interactions 
and the double-mutant query for trigenic inter- 
actions, in at least two replicate screens with four 
colonies per screen (fig. S5). In total, we tested 
410,399 double and 195,666 triple mutants for 
fitness defects, meeting a previously established 
intermediate magnitude cutoff (15) (data S2) and 
identified 9363 digenic and 3196 trigenic negative 
interactions. From detailed validation of trigenic 
interactions of our CLNI-CLN2 double-mutant 
query, which was screened previously (19), we 
estimated a false-negative rate of ~40%, a false- 
positive rate of ~20%, and a true-positive rate 
between ~60 and ~75% (table S2 and fig. S6) (16), 
which is consistent with our previous global di- 
genic network analysis (8). 

The distribution of trigenic interaction degree 
for array strains shows that the majority of low- 
degree genes (70%) account for ~88% of all tri- 
genic interactions, whereas highly connected 
genes contribute the remaining ~12% of interac- 
tions. Thus, the trigenic interactions are not as- 
sociated with a small set of highly connected 
genes; rather, the interactions are distributed 
across many different genes (fig. S7). On the other 
hand, with a smaller, more biased set of double- 
mutant query genes, the distribution of trigenic 
interaction degree shows that ~22% of them ac- 
counted for 51% of trigenic interactions, indicat- 
ing that a particular subset of the digenic queries 
were enriched for trigenic interactions (fig. S7). 
About one-third of the newly mapped trigenic 
interactions identified connections that were 
not observed in our digenic control network; we 
refer to these as “novel” trigenic interactions. The 
remaining approximately two-thirds of the trigenic 
interactions overlapped a digenic interaction while 
still exhibiting a stronger than expected fitness 
defect in the triple mutant; these we refer to as 
“modified” trigenic interactions (fig. S8A). Thus, 
although a substantial fraction of trigenic inter- 
actions elucidate totally new functional information, 
the majority of the trigenic interactions we mapped 
expand upon the digenic interaction network. 

We first assessed the functional information 
embedded in the trigenic network by comparing 
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the distributions of digenic and trigenic inter- 
actions across different biological processes. 
As observed previously (15), digenic interactions 
were enriched among genes annotated to the 
same biological process and, although the mag- 
nitude of trigenic interaction enrichment was 
somewhat lower, they were comparably enriched 
for genes within the same bioprocess (Fig. 2A). 
We also evaluated the enrichment of digenic and 
trigenic interactions across common functional 
standards, including annotation to the same Gene 
Ontology (GO) biological process, subcellular- 
localization pattern, protein-protein interaction, 
and gene coexpression (Fig. 2B). Like digenic 
interactions (7, 15), genes involved in trigenic 
interactions were significantly enriched for all 
of these standards, with genes participating in 
the “modified” class of trigenic interactions ex- 
hibiting stronger functional relationships (fig. 
S8B) as well as a stronger magnitude of inter- 
actions (fig. S8C). Thus, trigenic interactions 
resemble digenic interactions in that they are 
rich in functional information, which means that 
genes participating in many trigenic interactions 
can be predicted from alternative data sets and 
general knowledge of cellular function. 


Trigenic interactions expand functional 
connections mapped by the global 
digenic network 


Our functional analysis revealed that trigenic 


interactions have some properties distinct from 


those of digenic interactions, which suggests that 
trigenic interactions may be useful for discover- 
ing previously unknown connections between 
genes and their corresponding pathways. As an 
illustrative example, we examined the MDY2- 
MTCI double-mutant query, which is a highly 
connected hub within the trigenic network. MDY2 
encodes a protein that interacts and functions 
with components of the GET (guided entry of 
tail-anchor) pathway (20), which is important 
for Golgi-to-endoplasmic reticulum (ER) traf- 
ficking and inserting tail-anchored proteins into 
ER membranes. MTCI encodes a protein of un- 
known function that localizes to the early Golgi 
apparatus. The MTCI digenic interaction profile 
is similar to that of USOJ, which is involved in 
vesicle-mediated ER-to-Golgi transport (27), and 
RUD3, which encodes a Golgi matrix protein 
important for the structural organization of the 
cis-Golgi (22), suggesting that MTCI also has a 
role in the early secretory pathway. 

As expected from these previous findings, the 
MDY?2 and MTCI digenic interactions identified 
in our screen were enriched for genes involved 
in cell polarity and the early secretory pathway 
(Fig. 3, fig. SOA, and data S6). However, the MDY2- 
MTCI double-mutant query profile encompassed 
a much more functionally diverse set of genes 
(Fig. 3). For example, although we observed novel 
trigenic interactions with ER-to-Golgi transport 
genes, we also observed trigenic interactions 
with genes involved in other modes of vesicle 
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Fig. 2. Functional characterization of trigenic interactions. (A) Frequency of negative genetic 
interactions within biological processes. For our analysis, we used the fraction of screened query- 
array combinations exhibiting negative interactions belonging to functional gene sets annotated by 
SAFE (spatial analysis of functional enrichment) on the global genetic interaction network (55). 
The “within process” category received a count for any combination in which both genes for digenic 
interactions or all three genes for trigenic interactions were annotated to the same term. The size 
of the circle assigned to each “within process” element reflects the fold increase over the 
background fraction of interactions (digenic = 0.023, trigenic = 0.016). Significance was assessed 
with a hypergeometric test; P < 0.05. Blue circles represent significant enrichment; gray circles 
denote no significant change. (B) Enrichment of negative digenic and trigenic interactions across 
four functional standards. The dashed line indicates no enrichment. The functional standards are 
merged protein-protein interaction (PPI) (66-60), coannotation (based on SAFE terms) (7), 
coexpression (61), and colocalization (62). Significance was assessed with a hypergeometric test; 
* represents 10-7 < P < 0.01, ** represents P < 10-4. 
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trafficking, including endocytosis and peroxi- 
some biology. Moreover, MDY2-MTCI trigenic 
interactions identified connections to genes with 
more diverse functions, such as components of 
the elongator complex (Fig. 3), which controls 
the modification of wobble nucleosides in tRNAs, 
and several genes involved in DNA replication 
and repair. Notably, the MDY2-MTCI query also 
showed a trigenic interaction with TORI (target 
of rapamycin 1), which encodes the key kinase 
subunit of the TORC1 complex that is required 
for growth in response to nutrients by regulat- 
ing ribosome biogenesis, nutrient transport, and 
autophagy (23). Consistent with this observation, 
the MDY2-MTCI trigenic interaction network 
captures a set of genes that have a dual role in 
TORCI1 signaling and sorting of the general ami- 
no acid permease, including GTRI, MEHI, and 
LST4 (24-26). 

The spectrum of bioprocesses that are repre- 
sented in genetic interaction profiles can be vis- 
ualized by mapping functional enrichment within 
the context of the global yeast digenic interac- 
tion profile similarity network, which clusters 
genes into 17 distinct bioprocesses (7, 27) (Fig. 4A). 
In comparison with the MDY2 and MTCI digenic 
interaction profiles (Fig. 4, B and C), the MDY2- 
MTCI trigenic interactions were enriched not 
only for vesicle trafficking and cell polarity bio- 
process regions of the network but also in regions 
encompassing genes annotated to the tRNA wob- 
ble modification bioprocess, DNA replication and 
repair, as well as mitosis and chromosome segre- 
gation (Fig. 4D). Thus, the MDY2-MTCI trigenic 
interaction profile exhibited a more expanded 
and functionally diverse set of connections than 
either of the corresponding MDY2 or MTCI di- 
genic interaction profiles. 

We used a variety of assays to test three func- 
tional connections revealed by the MDY2-MTC1 
trigenic interaction profile. First, although the 
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Fig. 3. The MDY2-MTC1 double mutant: a hub on the trigenic 
interaction network. Representative digenic interactions are high- 
lighted for MDY2 and MTC1 single-mutant query genes, and rep- 
resentative trigenic interactions are shown for the MDY2-MTC1 
double-mutant query. The network was visualized using Cytoscape 
(63). Genes were chosen from representative protein complexes (8) in 
which 250% of members on the diagnostic array display genetic 
interactions. Negative genetic interactions (€ or t < —0.08, P < 0.05) 
are depicted. All of the digenic and trigenic interactions displayed 
have been confirmed by tetrad analysis. Nodes are color coded on 
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the basis of their biological roles and are labeled with gene names. 
Genes are grouped according to specific protein complexes. 


MDY2-MTCI double-mutant strain did not show 
an exaggerated cell biological phenotype asso- 
ciated with the early trafficking function (fig. 
S9B), it displayed a marked synthetic sick pheno- 
type when combined with deletion of SLA7, which 
is involved in cortical actin assembly and endo- 
cytic vesicle formation, which translates into an 
extended Slal patch lifetime, reflecting a defect 
in endocytosis (Fig. 5A) (28). Second, given a 
negative trigenic interaction with OAFI, which 
encodes an oleate-activated transcription factor 
involved in peroxisome organization and bio- 
genesis (29), we used fluorescence microscopy 
to explore peroxisome morphology. The MDY2- 
MTC! double mutant displayed an accumulation 
of relatively small peroxisomes (Fig. 5B), which 
may be indicative of a defect in ER-derived per- 
oxisome membrane biogenesis (30). Third, the 
MDY2-MTCI double mutant showed pronounced 
sensitivity to hydroxyurea (HU) but not methyl 
methanesulfonate (MMS), which is consistent 
with a specific defect in DNA replication and re- 
flects the negative genetic interactions we ob- 
served with a number of DNA replication and 
repair genes, including NSE4 and NSE5, which 
encode components of the Smc5-Smc6 complex 
that mediates resolution of DNA structures span- 
ning sister chromatids (Fig. 5C and fig. S10, A to 
C) (8D). We suspect that the MDY2-MTCI double 
mutant may be primarily defective in traffick- 
ing functions that can modulate signaling or 
metabolic pathways and thereby influence DNA 
synthesis and repair pathways indirectly (fig. 
S10, D to H). 


Trigenic interaction profiles are more 
functionally diverse than their 
corresponding digenic profiles 


To test the generality of whether query genes 
connect to more functionally divergent genes 
through trigenic interactions than through di- 
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genic interactions, we compared digenic pro- 
file similarity of pairs of genes spanned by either 
digenic or trigenic interactions. Indeed, genes 
involved in trigenic interactions tend to show 
profiles that are less similar than those con- 
nected by digenic interactions, which suggests 
that they are less functionally related than those 
connected by digenic interactions (Fig. 6A and 
fig. SI1A). We also found that trigenic interactions 
were more enriched than digenic interactions 
for connections that bridge several different 
biological processes, including mRNA and tRNA 
processing, vesicle trafficking, mitosis and chro- 
mosome segregation, and glycosylation and pro- 
tein folding and targeting (Fig. 6B). Moreover, 
as we showed for the MDY2-MTCI double-mutant 
query (Fig. 4), trigenic interaction profiles were 
generally enriched for genes spanning more di- 
verse bioprocesses than the corresponding di- 
genic interaction profiles (Fig. 6C and fig. S11, 
B to D). Genes involved in vesicle trafficking 
were particularly enriched for trigenic interac- 
tions occurring between bioprocesses (Fig. 6B 
and figs. S7 and SID). As we observed for MDY2- 
MTCI, other double-mutant queries carrying 
mutations in genes implicated in membrane traf- 
ficking were enriched for trigenic interactions 
with genes involved in DNA replication and re- 
pair machinery, which may indicate a general 
connection between these two bioprocesses. For 
example, the digenic query strain MVPI-MRLI, 
which carries mutations in genes required for 
sorting proteins to the vacuole (32, 33), and the 
strain SEC27-GET4, which carries mutations in 
genes involved in ER-to-Golgi transport (34) and 
the insertion of tail-anchored proteins into ER 
membrane (20), both exhibited an enrichment 
of trigenic interactions with DNA replication 
and repair machinery (fig. S11D). In general, our 
findings show that trigenic interaction profiles 
are composed of connections involving genes 
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Fig. 4. Enrichment of genetic interactions within bioprocesses 
defined by a global network of digenic interaction profile 
similarities. (A) The global digenic interaction profile similarity network 
), identifying network regions 
enriched for similar GO biological process terms as outlined by dashed 


(7) was annotated using SAFE ( 


that are more functionally diverse than their cor- 
responding digenic interaction profiles (Fig. 6C). 
However, despite their higher tendency to con- 
nect diverse processes, a significant fraction of 
trigenic interactions occurs among genes within 
the same bioprocess (P < 1 x 10°; hypergeo- 
metric test) (Fig. 2A). 


Gene features of trigenic interactions 
and the expanse of the global 
trigenic landscape 


Having selected the query gene pairs based on 
the properties of the global digenic interaction 
network, we can assess how these properties relate 
to trigenic interaction frequency. The strongest 
correlation with the number of observed trigenic 
interactions for each gene pair was the digenic 
genetic interaction profile similarity (correlation 
coefficient 7 = 0.41, P = 1.2 x 10~%, followed by 
the average number of digenic interactions of 
the query genes (7 = 0.25, P = 1.9 x 107) and the 
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strength of a direct negative genetic interaction 
between the query gene pair (7 = 0.23, P = 5.4 x 
10°) (fig. $12, A to C). Thus, numerous trigenic 
interactions were observed for functionally re- 
lated query genes, which display overlapping 
profiles on the digenic similarity network and 
often show a digenic interaction with each other 
(7) (Fig. 7A). As observed for digenic interactions 
(7), the frequency of trigenic interactions was 
highly correlated with the fitness defect of the 
double-mutant query strain (fig. S13). Consistent 
with this observation, essential genes exhibited 
high connectivity on the trigenic interaction 
network. A double-mutant query that carries at 
least one temperature-sensitive allele of an es- 
sential gene, which is often associated with a 
fitness defect at the semipermissive screening 
temperature, exhibited more genetic interactions 
than a query deleted for a pair of nonessential 
genes (P = 0.035) (Fig. 7B). More generally, query 
genes that are highly connected on the digenic 
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lines. rRNA, ribosomal RNA; ncRNA, noncoding RNA; MVB, multi- 
vesicular body. (B) MDY2 digenic interactions showing bioprocess 
enrichments. (C) MTC1 digenic interactions showing bioprocess 
enrichments. (D) MDY2-MTCI1 trigenic interactions showing 
bioprocess enrichments. 


network are also highly connected on the tri- 
genic network (fig. S12D). 

Notably, trigenic interactions tend to be ~25% 
weaker than digenic interactions (P < 1.7 x 10°**) 
(Fig. 7C), which means the average digenic in- 
teraction often has a more profound phenotype 
than the average trigenic interaction. However, 
to fully understand the potential for trigenic in- 
teractions to drive fitness defects, we also need 
to estimate the frequency at which they occur. 
Because we have mapped digenic interactions 
comprehensively and we know the false-positive 
and false-negative rates associated with this 
analysis, we can estimate the number of digenic 
interactions within the yeast genome, reveal- 
ing a distribution that centers on ~6 x 10° total 
negative interactions (Fig. 7D) (16). Further- 
more, because digenic interaction properties 
are predictive of trigenic interaction degree, we 
can also extrapolate our findings to estimate the 
number of negative trigenic interactions across 
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the whole genome. As noted earlier, we selected 
gene pairs for trigenic analysis to fill bins of vary- 
ing attributes, including double-mutant queries 
with either weak or strong interactions, as well 
as those with either sparse or rich genetic in- 
teraction profiles, as depicted schematically in 
Figs. 1A and 7A (table S1). For extrapolation to 
the whole genome, we used the mean trigenic 
interaction degree of double mutants in a given 
bin as the expected degree for any hypothetical 
pair from the genome with similar character- 
istics (data S7 and fig. S14). Integrating this 
value across the total number of gene pairs with 
the given characteristics, which preserves the 
double-mutant distribution across different di- 
genic interaction features, and summing over 
all bins yielded an estimate of the total number 
of trigenic interactions. 

In the yeast genome, there are 2000 times as 
many possible triple gene combinations (36 bil- 
lion) as possible gene pairs (18 million), but the 
density of interactions (as both observed and 
extrapolated) is similar, reduced by only a factor 
of ~3 for trigenic interactions (table S3). We 
predict that ~10° trigenic combinations exhibit 
a negative genetic interaction, generating a con- 
servative estimate of on the order of 100 times 
as many trigenic interactions as observed for 
the global digenic network (Fig. 7D and table 
$3). To establish confidence intervals (CIs) for 
the estimate, we repeated the extrapolation pro- 
cess with 10,000 bootstrapped samplings of the 
151 double-mutant query pairs, keeping their 
associated trigenic interactions degrees and the 
corresponding digenic interaction features con- 
stant. The bin with the lowest digenic interac- 
tion degree encompasses a large fraction of the 
potential double mutants in the genome and is 
assigned a low trigenic interaction degree, which 
means that the summarized estimate provided 
is likely a conservative underestimate. More- 
over, because our binning scheme restricts our 
extrapolation to ~25% of the potential trigenic 
interaction space (e.g., by omitting potential 
double-mutant queries that show a positive di- 
genic interaction), we are underestimating its 
extent, and the true number of trigenic inter- 
actions is likely to be several times higher (fig. 
S15 and table S3) (16). The vast expanse of the 
global trigenic interaction network points to 
the potential for higher-order interactions to 
affect all aspects of the genetics of outbred pop- 
ulations, including the genotype-to-phenotype 
relationship. 


Discussion 


Systematic mapping of trigenic interactions re- 
vealed that their properties resemble those of 
digenic interactions because they often connect 
functionally related genes, which means that tri- 
genic interactions have the potential to con- 
tribute to our understanding of the functional 
wiring diagram of the cell. The global digenic 
network is predictive of trigenic interactions 
because query gene pairs showing properties 
associated with shared functionality, such as 
overlapping digenic interaction profiles or a 
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negative digenic genetic interaction, often map 
numerous trigenic interactions (Fig. 7A). Thus, 
if two query genes are in the same or similar bio- 
process cluster on the global digenic profile sim- 
ilarity network (Fig. 4A), they will likely show 
a rich trigenic interaction profile, as we observed 
for the MDY2-MTCI double mutant query (Figs. 3 
and 4D). Gene essentiality and the average di- 
genic interaction degree of the query gene pair 
were also correlated with trigenic connectivity 
(Fig. 7B), indicating that highly connected hubs 
are consistent on both the digenic and trigenic 
interaction networks (fig. S12, C and D). 

Many of the trigenic interactions we observed 
overlapped with at least one digenic interaction. 
In some cases, we chose query gene pairs display- 
ing a negative genetic interaction and so all of 
the trigenic interactions in these profiles accen- 
tuated the query interaction (fig. S8). Moreover, 
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a substantial proportion of trigenic interac- 
tions measured for noninteracting query pairs 
exacerbated a digenic interaction that was pre- 
viously seen between one or both of the query 
genes and the third gene (fig. S8). Thus, our find- 
ings show that negative trigenic interactions often 
highlight the potential for a third mutation to 
amplify the phenotype of a digenic interaction. 
Analogously, in human genetics, the variation in 
an individual’s genetic background can have pro- 
found influence on the penetrance of the pheno- 
type associated with a disease gene (35). 
Although we found that trigenic interactions 
tend to be slightly weaker than digenic interac- 
tions, they are ~100 times more numerous and 
are more functionally diverse than their digenic 
counterparts. The expanse of possible three-gene 
combinations makes exhaustive trigenic inter- 
action mapping intractable with our current 
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Fig. 5. Trigenic interactions reflect the physiology of the MDY2-MTC1 double-mutant query 
strain. (A) Endocytic membrane trafficking is impaired in the mdy2A-mtc1A double-mutant query 
strain. (Top) Example of tetrad analysis confirmations for the mdy2A-mtclA-s/al1A triple-mutant 
strain. (Bottom left) Endocytic uptake dynamics were examined with the Slal—-green fluorescent protein 
(GFP) reporter. Representative kymographs are displayed for the wild type and the mdy2A-mtclA 
double mutant. (Bottom right) Lifetime of Slal-GFP endocytic vesicle formation was quantified across 
~100 different patches in two independent experiments. Error bars represent SD. (B) Peroxisome 
biogenesis was monitored in the wild type (wt) and in mdy2A, mtc1A, and mdy2A-mtc1A mutants using 
Pex14p-GFP reporter. (C) Growth response to HU and MMS for the wild type and mdy2A, mtclA, 

and mdy2A-mtc1A mutants. YPD, yeast extract, peptone, and dextrose. 
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Fig. 6. Trigenic interactions are more functionally distant than digenic interactions. (A) Distribu- 
tion of genetic interaction profile similarities of genes showing digenic and trigenic interactions. P values 
are based on a Wilcoxon rank sum test; **P < 107°°. (B) Frequency of negative genetic interactions 
between biological processes using SAFE annotations for digenic and trigenic interactions (55). The 
size of the circle assigned to each “between process” element reflects the fold increase over the 
background fraction of interactions (digenic = 0.023, trigenic = 0.016); P < 0.05 based on a 
hypergeometric test. The “between process” category received a count for any combinations that 
were not counted in the “within process” category shown in Fig. 2A. Filled blue circles represent 
significant enrichment, the open blue circle represents significant underenrichment, and gray circles 
denote no significant change. Trigenic versus digenic fold change (the ratio of trigenic interaction 
enrichment to digenic interaction enrichment) is represented by filled squares (black is maximal fold 
change; white is no fold change). In cases for which the “between process” enrichment was observed but 
is not significant (P < 0.05), the square is outlined with a dashed line. (©) Number of SAFE bioprocess 


clusters enriched for digenic or trigenic interactions. 


methodology. However, the substantial overlap 
of the digenic and trigenic networks indicates 
that the genetic landscape of the cell expands 
with higher-order genetic interactions but does 
not change drastically in terms of its functional 
modularity. Thus, the global digenic network is 
highly informative of potential trigenic inter- 
actions and can be used effectively to predict 
candidate query gene pairs for efficient trigenic 
interaction analysis. 

Trigenic interaction data may inform a wide 
variety of subjects within biology. For exam- 
ple, the number, magnitude, and properties of 
digenic and trigenic interactions clarifies as- 
pects of speciation theory in evolutionary biol- 
ogy (36, 37). Hybrids between species exhibit 
reduced fitness, which is usually attributed to 
negative (epistatic) interactions among genes 
that diverged in isolated populations. Each 
population may evolve fixed variants that are 
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neutral or adaptive in their own genetic back- 
grounds. When these variants are brought to- 
gether for the first time in hybrid genomes, they 
may cause deleterious genetic interactions, also 
termed Dobzhansky-Muller incompatibilities. As 
populations diverge from one another, the num- 
ber of potential digenic interactions increases 
as the square of the number of substitutions, 
the so-called “snowball effect” (36, 38, 39). That 
is, each subsequent substitution in a distinct 
population has the potential to interact with 
any substitution from the other population (and 
vice versa), and thus the probability of a specia- 
tion event grows with each step. Most speci- 
ation genetics research has focused on these 
digenic interactions. However, the number of 
trigenic combinations accumulates exponentially 
faster than the number of digenic combinations. 
Both digenic and trigenic interactions have been 
implicated in speciation (40, 47), but the general 
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extent to which digenic or complex negative 
genetic interactions drive speciation remains 
unknown. If digenic interactions do, in fact, 
play a major role in orchestrating speciation, 
then either the frequency and/or the strength 
of deleterious trigenic interactions must be 
relatively smaller than that of digenic inter- 
actions. Our systematic analysis shows that 
trigenic interactions are somewhat less likely 
to occur (by a factor of 3; ~3% versus ~1% for 
digenic versus trigenic, respectively) and gener- 
ally weaker (~25% weaker) than digenic inter- 
actions. Nevertheless, modeling based on our 
findings suggests that trigenic interactions are 
substantially common and often strong enough 
to play a key role in the evolution of hybrid in- 
viability (fig. S16 and table S4) (16). Because the 
connections associated with higher-order inter- 
actions may often overlap with those of simpler 
interactions and because those simpler inter- 
actions require fewer substitutions and will often 
manifest first, our findings may also suggest that 
the evolution of even more highly complex in- 
teractions may be limited, even though their 
absolute numbers increase exponentially, a 
possibility that is consistent with evolutionary 
theory (38). 

Our trigenic interaction study is also relevant 
to synthetic biology efforts aimed at efficient 
synthesis (42, 43) and design of minimal ge- 
nomes (44, 45). Digenic synthetic lethal interac- 
tions were recently noted as a major constraint 
in the design of the minimal genome for the 
bacteria Mycoplasma mycoides, for which a 
viable genome could be constructed only after 
resolving lethal interactions that arose between 
nonessential genes (44). For species in which 
systematic gene perturbation studies have been 
conducted, the proportion of essential genes is 
relatively small (e.g., ~20% in yeast, ~10% in 
human cells, which increases to 20% when only 
expressed genes are considered) (13, 46-48). 
However, we expect that digenic and trigenic 
interactions will dictate much larger minimal 
genomes than the essential gene set, even for 
growth under simple laboratory conditions. With 
the complete digenic network (7), we estimate 
that the minimal yeast genome would encom- 
pass more than ~70% of genes after accounting 
for digenic interactions (table S5) (16). With the 
inclusion of constraints imposed by trigenic in- 
teractions, we expect that a minimal genome, 
without a substantial fitness defect, may nearly 
approach the complete set of genes encoded in 
the genome. Thus, genetic interactions may help 
to explain the large gap between the number of 
genes with strong individual fitness defects and 
the total genome size, and the prevalence of 
yeast negative trigenic interactions suggests 
that many genomes lack the potential for sub- 
stantial compression while maintaining normal 
fitness. 

It is important to consider other types of ge- 
netic interactions in addition to those associated 
with severe loss-of-function alleles due to entire 
open reading frame deletions of nonessential 
genes or temperature-sensitive alleles of essential 
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Fig. 7. Relation of digenic and trigenic interaction networks. 

(A) Trigenic interaction degree distribution correlated with three quanti- 
tative features of genes on the digenic interaction network: (i) Interaction 
profile similarity of the two genes in the double-mutant query gene pair 
(bin thresholds: —0.02, 0.03, 0.1, +00), which generates three bins for 
average digenic interaction profile similarity (r): -O.02 < r < 0.03; 

0.03 < r< 0.1; 0.1 <r. (ii) Negative digenic interaction strength associated 
with the double-mutant query gene pair (bin thresholds: O, —0.08, 

—0.1, -o0), which generates three bins for digenic interaction score (e): 

e <-O.1; -0.1 < « < -0.08; -0.08 < e < 0. (iii) Average digenic interaction 
degree, which represents the average number of negative genetic 
interactions associated with each of the genes of the double-mutant 
query gene pair (bin thresholds: 10, 45, 70, +00), which generates three 
bins for average digenic interaction degree: 10 < degree < 45; 45 < degree 
<70; 70 < degree. The bin with the highest average negative trigenic 
interaction degree at the intermediate interaction score cutoff 


(t < -—0.08) of 63.5 is shown in dark blue. (B) Essentiality determines 
trigenic interaction degree. Number of single mutants: 254 nonessential 
genes, 47 essential genes. Number of double mutants: 111 nonessential 
gene pairs, 40 essential or mixed essentiality gene pairs. Mean genetic 
interaction is represented; error bars indicate SEM; P values are based on 
at test. Negative genetic interactions (€ or t < —0.08, P < 0.05) are depicted. 
(C) Cumulative distribution of negative digenic and trigenic interaction 
score magnitudes. Pairwise significance was assessed with a Wilcoxon rank 
sum test. (D) Estimates of the number of digenic and trigenic interactions 
at the intermediate score cutoff (e or t < —0.08, P < 0.05). Bootstrapping 
was used to generate the estimate by sampling 10,000 times with 
replacement. Dashed lines indicate the 95% Cls; solid lines denote 

the estimated extent of the trigenic interaction landscape. This 
conservative estimate of the total number of trigenic interactions 

in the yeast genome covers ~26% of the interaction space. For the 

total genome-wide estimate, see fig. S15B and table S3. 


genes. Our analysis revealed that double mu- 
tants with strong fitness defects often show rich 
trigenic interaction profiles (fig. S13C). Similarly, 
single-mutant fitness defects also correlate with 
digenic interaction degree (fig. S13A) (7). Presum- 
ably, the weaker fitness effects associated with 
the variation found in natural populations may 
require higher-order combinations, involving 
more than two genes, to influence trait herita- 
bility through genetic interactions (49). In the 
yeast model system, genetic interactions were 
found to play an important role in the herita- 
bility of a number of different quantitative traits, 
possibly with a greater contribution made by 
digenic interactions versus higher-order inter- 
actions (4, 5, 50). The genetic mechanism un- 
derlying conditional essentiality, in which a given 
yeast gene is nonessential in one genetic back- 
ground but essential in another, often appears 
to be associated with a complex set of modifier 
loci (49), as do a number of other traits (57, 52). 
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Thus, both digenic and higher-order interactions 
are established components of the genetic ar- 
chitecture of yeast complex traits, and similar 
findings have been made in a number of other 
organisms (53). In part because model organism 
populations have allele distributions that dif- 
fer from those in humans, the degree to which 
higher-order genetic interactions will contrib- 
ute to the genetics of complex human disease 
remains to be seen (50, 54). Nevertheless, the 
extensive landscape of trigenic interactions re- 
vealed here for yeast, as well as their capacity 
for generating functionally diverse phenotypes 
and driving speciation, suggests that higher- 
order genetic interactions may play a key role 
in the genotype-to-phenotype relationship. 


Materials and methods summary 


The supplementary materials contain a detailed 
description of materials and methods for the 
construction of yeast single-, double-, and triple- 
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mutant strains as well as quantification of ge- 
netic interactions and any associated analyses. 
General methodological information and ref- 
erences to specific sections appear throughout 
the text. 
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INTRODUCTION: Organisms live by means 
of the complex, dynamic, three-dimensional 
(3D) interplay between millions of components, 
from the molecular to the multicellular. Visual- 
izing this complexity in its native form requires 
imaging at high resolution in space and time 
anywhere within the organism itself, because 
only there are all the environmental factors 
that regulate its physiology present. However, 


the optical heterogeneity of multicellular sys- 
tems leads to aberrations that quickly com- 
promise resolution, signal, and contrast with 
increasing imaging depth. Furthermore, even 
in the absence of aberrations, high resolution 
and fast imaging are usually accompanied by 
intense illumination, which can perturb deli- 
cate subcellular processes or even introduce 
permanent phototoxic effects. 


High-resolution in vivo cell biology. AO-LLSM permits the study of 3D subcellular processes 
in their native multicellular environments at high spatiotemporal resolution, including 
(clockwise from upper left) growth of spinal cord axons; cancer cell metastasis; collective 
cellular motion; endocytosis; microtubule displacements; immune cell migration; and (center) 
organelle dynamics. 
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RATIONALE: We combined two imaging tech- 
nologies to address these problems. The first, 
lattice light-sheet microscopy (LLSM), rapidly 
and repeatedly sweeps an ultrathin sheet 
of light through a volume of interest while 
acquiring a series of images, building a high- 
resolution 3D movie of the dynamics with- 
in. The confinement of the illumination to 
a thin plane insures that regions outside the 
volume remain unexposed, while the par- 
allel collection of fluorescence from across 
the plane permits low, less perturbative 
intensities to be used. 
The second technology, 
adaptive optics (AO), mea- 
sures sample-induced 
distortions to the image 
of a fluorescent “guide 
star” created within the 
volume—distortions that also affect the ac- 
quired light-sheet images—and compensates 
for these by changing the shape of a mirror 
to create an equal but opposite distortion. 


RESULTS: We applied AO-LLSM to study a 
variety of 3D subcellular processes in vivo 
over a broad range of length scales, from 
the nanoscale diffusion of clathrin-coated 
pits (CCPs) to axon-guided motility across 
200 um of the developing zebrafish spinal 
cord. Clear delineation of cell membranes 
allowed us to computationally isolate and 
individually study any desired cell within 
the crowded multicellular environment of 
the intact organism. By doing so, we could 
compare specific processes across different 
cell types, such as rates of CCP internalization 
in muscle fibers and brain cells, organelle re- 
modeling during cell division in the develop- 
ing brain and eye, and motility mechanisms 
used by immune cells and metastatic breast 
cancer cells. Although most examples were 
taken from zebrafish embryos, we also dem- 
onstrated AO-LLSM in a human stem cell- 
derived organoid, a Caenorhabditis elegans 
nematode, and Arabidopsis thaliana leaves. 


CONCLUSION: AO-LLSM takes high-resolution 
live-cell imaging of subcellular processes from 
the confines of the coverslip to the more phys- 
iologically relevant 3D environment within 
whole transparent organisms. This creates new 
opportunities to study the phenotypic diversity 
of intracellular dynamics, extracellular com- 
munication, and collective cell behavior across 
different cell types, organisms, and develop- 
mental stages. 
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Observing the cell in its native state: 
Imaging subcellular dynamics in 
multicellular organisms 
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True physiological imaging of subcellular dynamics requires studying cells within their 
parent organisms, where all the environmental cues that drive gene expression, and hence 
the phenotypes that we actually observe, are present. A complete understanding also 
requires volumetric imaging of the cell and its surroundings at high spatiotemporal 
resolution, without inducing undue stress on either. We combined lattice light-sheet 
microscopy with adaptive optics to achieve, across large multicellular volumes, 
noninvasive aberration-free imaging of subcellular processes, including endocytosis, 
organelle remodeling during mitosis, and the migration of axons, immune cells, and 
metastatic cancer cells in vivo. The technology reveals the phenotypic diversity within cells 
across different organisms and developmental stages and may offer insights into how cells 
harness their intrinsic variability to adapt to different physiological environments. 


common tenet, oft repeated in the field of 
bioimaging, is “seeing is believing.” But 
when can we believe what we see? The 
question becomes particularly relevant 
when imaging subcellular dynamics by 
fluorescence microscopy. Traditional imaging 
tools such as confocal microscopy are often 
too slow to study fast three-dimensional (3D) 
processes across cellular volumes, create out- 
of-focus photoinduced damage (J, 2) and fluo- 
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rescence photobleaching, and subject the cell at 
the point of measurement to peak intensities far 
beyond those under which life evolved. In ad- 
dition, much of what fluorescence microscopy 
has taught us about subcellular processes has 
come from observing isolated adherent cells on 
glass. True physiological imaging requires study- 
ing cells within the organism in which they 
evolved, where all the environmental cues that 
regulate cell physiology are present (3). Although 
intravital imaging achieves this goal (4, 5) and 
has contributed pivotally to our understanding 
of cellular and developmental biology, the reso- 
lution needed to study minute subcellular pro- 
cesses in 3D detail is compromised by the optically 
challenging multicellular environment. 

Two imaging tools have recently been devel- 
oped to address these problems: Lattice light-sheet 
microscopy (LLSM) (6) provides a noninvasive 
alternative for volumetric imaging of whole 
living cells at high spatiotemporal resolution, 
often over hundreds of time points, and adaptive 
optics (AO) (7) corrects for sample-induced aber- 
rations caused by the inhomogeneous refractive 
index of multicellular specimens and recovers 
resolution and signal-to-background ratios com- 
parable to those attained for isolated cultured 
cells. The remaining challenge is to combine 
these technologies in a way that retains their 
benefits and thereby enables the in vivo study 
of cell biology at high resolution in conditions 
as close as possible to the native physiological 


state. Here we describe a technique based on 
an adaptive optical lattice light-sheet microscope 
designed for this purpose (AO-LLSM) and dem- 
onstrate its utility through high-speed, high- 
resolution, 3D in vivo imaging of a variety of 
dynamic subcellular processes. 


Lattice light-sheet microscope with 
two-channel adaptive optics 


Although several AO methods have been dem- 
onstrated in biological systems (7), including 
in the excitation (8) or detection (9) light paths 
of a light-sheet microscope, we chose an approach 
where the sample-induced aberrations affecting 
the image of a localized reference “guide star” 
created through two-photon excited fluorescence 
(TPEF) within the specimen are measured and 
then corrected with a phase modulation element 
(0). By scanning the guide star over the region 
to be imaged (77), an average correction is mea- 
sured that is often more accurate than single- 
point correction—which is essential, because a 
poor AO correction is often worse than none at 
all. Scanning also greatly reduces the photon 
load demanded from any single point. Coupled 
with correction times as short as 70 ms (1), this 
AO method is compatible with the speed and 
noninvasiveness of LLSM. 

In LLSM, light traverses different regions of 
the specimen for excitation and detection and 
therefore is subject to different aberrations. 
Hence, independent AO systems are needed 
for each. This led us to design a system (Fig. 1A, 
supplementary note 1, and fig. S1) where light 
(red) from a Ti:Sapphire ultrafast laser is ported 
to either the excitation or detection arm of a 
LLS microscope (left inset, Fig. 1A) by switching 
galvanometer 1. In the detection case, TPEF 
(green) generated within a specimen by scanning 
the guide star across the focal plane of the de- 
tection objective (DO) is descanned (77) and sent 
to a Shack-Hartmann wavefront sensor (DSH) 
via switching galvanometer 2 (SG2). We then 
apply the inverse of the measured aberration 
to a deformable mirror (DM) placed conjugate 
to both the DSH and the rear pupil plane of 
the DO (supplementary note 2). Because the 
signal (also green) generated by the LLS when 
in imaging mode travels the same path through 
the specimen as the guide star, and reflects from 
the same DM, the corrective pattern that we 
apply to the DM produces an AO-corrected 
image of the current excitation plane within 
the specimen on the camera when ported there 
by the SG2. 

Similarly, for excitation correction, we send 
descanned TPEF generated and collected through 
the excitation objective (EO) to a second Shack- 
Hartmann sensor. However, because LLS exci- 
tation is confined to a thin annulus at the rear 
pupil of the DO (6), a DM placed conjugate to 
this pupil would be ineffective for AO correction 
over most of its surface. Instead, we apply wave- 
front correction at the same sample-conjugate 
spatial light modulator (SLM) that creates the 
light sheet itself, thereby enlisting thousands 
of independently corrective pixels. To do so, we 
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Fig. 1. Adaptive optical lattice light-sheet microscopy (AO-LLSM). 
(A) Simplified microscope schematic (fig. S1 shows a detailed version). 


detection (7 i | 
Shack-Hartmann| 


aberration-free reference, 


A} switching galvo 1 diffraction-limited 


S, 


camera 


deformable 
mirror 


mNeonGreen-GalT 
(trans-Golgi) 
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aberrated, 
no AO correction 


aberrated, aberrated, 
only excitation correction only detection correction 
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full AO correction 


autofocus 
only 


autofocus, 
AO, and 
deconvolution 


deconvolution using the aberration-free reference PSF. Scale bar, 1 um. 
(D) Cellular trans-Golgi, mitochondria, and plasma membranes in the 


EO, excitation objective; DO, detection objective; SH, sample holder. spine of a live zebrafish embryo 24 hpf. Shown are unprocessed data 


(B) xy and xz maximum intensity projections (MIPs) of the point 


without AO correction (left column), deconvolved data without AO 


spread function (PSF; top two rows) and corresponding optical transfer correction (center), and deconvolved data after AO correction (top and 


function (OTF; bottom two rows) of the microscope under five different 


right) (movie S2). MIP views (bottom two rows) of the Fourier transform 


degrees of AO correction (columns), as measured from a 200-nm (FT) of the data in all three cases indicate their respective degrees of 


fluorescent bead in an aberrating agarose gel. Insets show the corrective 
wavefronts applied. Arrowheads indicate lateral and axial aberrations. 
Scale bar, 1 um. (C) MIPs and corresponding OTFs of the uncorrected (left 


information recovery. (E) Four different levels of correction, shown 
for orthoslices of a live human stem cell-derived organoid grown in 
Matrigel and gene-edited to express endogenous levels of clathrin and 


column) and fully corrected (right column) bead images from (B), after dynamin in coated endocytic pits (Movie 1). Scale bar, 5 um. 


subtract the measured phase aberration from 
the phase of the Fourier transform (FT) of 
the ideal, aberration-free SLM pattern, then 
inverse-transform the result back to the sample- 
conjugate SLM plane (supplementary note 3 
and fig. S2). 

Lastly, optimal resolution requires the LLS to 
be coincident with the focal plane of the DO to 
less than ~0.46 um over the entire field of view 
(FOV), whereas refractive index differences be- 
tween the specimen and the surrounding media 
lead to tip-tilt alignment or axial displacement 
errors for the light sheet that might exceed this 


(12). Fortunately, we find that only displacement 
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is a concern over FOVs typical of LLSM (supple- 
mentary note 4 and fig. S3) and that it can be 
robustly corrected by imaging, edge-on through 
the EO, the offset of the plane of TPEF that we 
generate when measuring the detection aber- 
ration relative to the plane of fluorescence 
generated by the LLS (supplementary note 5 and 
fig. S4). 

As an example (Fig. 1B), after correction for 
aberrations in the microscope itself, the point 
spread function (PSF) and corresponding op- 
tical transfer function (OTF), measured from a 
200-nm bead, indicate nearly diffraction-limited 
performance (first column). However, when a 


similar bead is placed in 2% low-melt agarose, 
we observe substantial aberration (second col- 
umn), both laterally (arrowheads 1 and 1’) and 
axially (arrowheads 2 and 2’). Correcting only 
the excitation aberration improves the axial 
resolution (third column) by returning the light 
sheet to its original width (fig. $2). Conversely, 
correcting only the detection aberration improves 
primarily the lateral performance (fourth col- 
umn). However, when we combine the excita- 
tion and detection corrections, the image of the 
bead is returned to its diffraction-limited form 
(fifth column), with an eightfold recovery to its 
original peak intensity. Furthermore, the same 
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Movie 1. Endocytosis in a human stem 
cell-derived organoid. Gene-edited clathrin 
(magenta) and dynamin (green) before and 
after adaptive optical correction and 
deconvolution, showing comparative xy and 

xz orthoslices, volume renderings, and postcor- 
rection tracking of the motion and lifetimes of 
individual CCPs and CCVs over 120 time points 
at 1.86-s intervals (Fig. 1E and fig. S5). 


Movie 2. Clathrin-mediated endocytosis 

in vivo. Dynamics of CCPs and CCVs over 15 min 
at 10-s intervals in the dorsal tail region of a 
zebrafish embryo 80 hpf. Segmented cells 
reveal brighter clathrin puncta at the vascular 
endothelium than at muscle fibers (Fig. 2A). 


Movie 3. Clathrin localization in muscle 
fibers. PM (red) and clathrin (green) in the tail 
of a zebrafish embryo 50 to 55 hpf, showing xy 
and xz orthoslices before and after AO correc- 
tion and deconvolution, dynamics of individual 
CCPs and CCVs at and between t-tubules, large 
clathrin clusters and small clathrin puncta in 
volume-rendered and segmented cells, and 
tracked CCPs and CCVs in a segmented cell 


(Fig. 2, B to E; fig. S8; and movie S3). 
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correction proves valid over a 30-um field of beads 
in agarose (movie S1). 

One of the key advantages of complete AO 
correction is that it enables accurate deconvo- 
lution (Fig. 1C), giving the most truthful rep- 
resentation of the specimen possible within the 
limits of diffraction (second column). In contrast, 
applying deconvolution to an aberrated image 
gives a distorted result, because the OTF can 
then fall below the noise floor asymmetrically 
and at spatial frequencies well below the dif- 
fraction limit (first column), after which higher 
spatial frequencies cannot be recovered by de- 
convolution. These same trends can be seen in 
densely labeled specimens as well, such as across 
mitochondria, Golgi, and plasma membranes 
(PMs) of cells near the spinal midline in a living 
zebrafish embryo 24 hours postfertilization (hpf) 
(Fig. ID, bottom three rows, and movie S2), where 
the greatest information content as seen in the 
FT of image volume is obtained by combined AO 
and deconvolution. 

Next, we imaged organoids differentiated from 
human stem cells, gene-edited to express endog- 
enous levels of red fluorescent protein (tagRFP)- 
clathrin and enhanced green fluorescent protein 
(EGFP)-dynamin in endocytic pits (clathrin-coated 
pits; CCPs). Such organoids permit the study of 
human cellular differentiation and tissue mor- 
phogenesis in vitro at subcellular resolution, with 
an experimental accessibility that is difficult to 
achieve in vivo. However, the extracellular matrix 
in which they are grown introduces considerable 
aberrations, and the fast dynamics and limited 
number of fluorophores in each CCP demand 
high-speed imaging with low photobleaching. 
The system is therefore well suited to the capa- 
bilities of AO-LLSM, with the CCPs doubling 
as distributed puncta of subdiffractive size to 
evaluate imaging performance. 

Without AO or focus correction (upper left of 
Fig. 1E and Movie 1), no CCPs are visible, and the 
cell boundaries are poorly defined. Autofocus 
alone (upper right) reveals larger patches of 
clathrin and dynamin but must be combined 
with complete AO correction (excitation and 
detection, lower left) to identify individual CCPs. 
At that point, the imaging is diffraction-limited, 
so the data can be deconvolved using the system- 
corrected PSF to compensate for the spatial fil- 
tering properties of the microscope. Both dynamin 
and clathrin puncta then stand out clearly above 
the cytosolic background (lower right), allowing 
us to quantitatively measure their lifetimes and 
diffusion tracks (Movie 1). The increasing recov- 
ery of information as we progress through these 
four cases can also be seen quantitatively in their 
corresponding OTFs (fig. S5). 


Clathrin dynamics in zebrafish 


For transparent model organisms, we can apply 
AO-LLSM in vivo, where the complete physiolog- 
ical environment is preserved. The zebrafish has 
become the most widely used nonmammalian 
vertebrate model organism. We took advantage 
of its small size and transparency to visualize the 
formation of endocytic CCPs and clathrin-coated 


vesicles (CCVs) in the context of the developing 
organism. We first imaged a volume in the dorsal 
tail region of a fish larva 80 hpf stably expressing 
dsRed-clathrin light chain A (CLTA) (73) (Fig. 2A 
and Movie 2). We observed a high density of 
diffraction-limited clathrin spots that, after com- 
putational separation of all cells, were found to 
be mostly colocalized with the PM. These spots 
appeared and disappeared with the formation 
of new CCPs and their eventual uncoating. We 
determined that the areal density of CCPs was 
similar in muscle fibers (e.g., green arrowheads, 
Fig. 2A) and endothelial cells (magenta arrow- 
heads) lining blood vessels, but the distribution 
of their intensities was broader in the latter 
(ower inset, Fig. 2A), which had a subpopulation 
of pits that were up to sixfold as bright as the 
median CCP intensity in the former. Because 
CCP size is proportional to intensity (74), these 
results indicate the presence of larger structures, 
possibly clusters of CCPs (15), in the vasculature 
endothelium. 

To track CCPs for longer times, we turned to 
zebrafish embryos mRNA-injected to express the 
brighter and more photostable fluorescent fusion 
protein mNeonGreen-CLTA. These embryos also 
expressed mCardinal targeted to the PM, facili- 
tating the computational separation of cells. Em- 
bryos imaged in the tail (Fig. 2B, fig. S6A, and 
Movie 3) and in the hindbrain (fig. S6B) dis- 
played a variety of morphologies, trafficking 
behaviors (Fig. 2C), and lifetime distributions 
(Fig. 2D). Large, micron-scale intracellular spots 
of limited mobility (arrowheads, Fig. 2B) probably 
represent clathrin-rich vesicles clustered at the 
trans-Golgi network, whereas mobile diffraction- 
limited spots (Fig. 2C, arrowhead group 1) like- 
ly correspond to endosomal carriers similar to 
those seen in cultured mammalian cells (16). 
Diffraction-limited spots at the PM (Fig. 2C, 
arrowhead group 2) likely represent individual 
CCPs and CCVs. We also found CCPs at the 
t-tubules spanning muscle fibers (Fig. 2C, top 
left), in contrast to the diffuse clathrin signal 
observed using immunofluorescence in fixed rat 
muscle fibers (17). Most of these were pinned, 
but occasionally they would break free from a 
t-tubule and move rapidly along the fiber axis 
(Fig. 2C, arrowhead group 3, and movie S3), pos- 
sibly by active transport along myofibrils or with- 
in the sarcoplasmic reticulum. 

AO allowed us to detect more CCPs (fig. $7) 
and track all CCPs with higher precision (Fig. 2C, 
top right; fig. S8, A to C; and Movie 3). Com- 
paring CCPs in muscle fibers and the brain, we 
found that, although their initiation frequencies 
and fluorescence intensities were similar, brain 
CCPs tended to internalize faster (Fig. 2E). As- 
suming that clathrin puncta in muscle and brain 
cells lasting >21 s corresponded to successful 
coated vesicles, each with an assumed membrane 
diameter of 60 nm, ~0.1% of the PM was inter- 
nalized through clathrin-mediated endocytosis 
every minute (fig. S8D). This is similar to the 
values derived from measurements in cultured 
SUM-159 (78) or htertRPE-1 (19) mammalian 
cells at 37°C. 
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Fig. 2. Clathrin dynamics in zebrafish. (A) Computationally 
separated muscle fibers (e.g., green arrowheads) and vascular 
endothelial cells (e.g., magenta arrowheads), both expressing DsRed- 
CLTA to highlight CCPs and CCVs, from muscle tissue in a 75-um 

by 99-um by 41-um region (upper inset) of the tail of a developing 
zebrafish larva 80 hpf (Movie 2). Brighter clathrin puncta were 
observed in the endothelial cells (lower inset). Scale bars, 10 um. 

(B) Computationally separated muscle fibers from a region 

(lower inset) in the tail of a zebrafish embryo 50 hpf coexpressing 
an mCardinal-PM marker (red) and mNeonGreen-CLTA (green). 
Individual CCPs and CCVs and larger clathrin-rich vesicles (arrowheads) 
are visible (Movie 3). Scale bars, 10 um. (C) Spatial distribution and 
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dynamics of CCPs and CCVs tracked for 12 min at 7.5-s intervals 

in one muscle fiber from (B), showing CCPs localized at t-tubules 

(top left) and diffusion and lifetime characteristics for CCPs and CCVs 
across the cell (top right). A MIP through a 2-um-thick slab at three 
consecutive time points (bottom) shows examples of a pinned CCV 
(arrowheads 2) and slowly diffusing (arrowheads 1) or rapidly shuttling 
CCVs (arrowheads 3) (movie S3). Scale bar, 10 um. (D) Effect of AO 
on the measured quantity, intensity, and localization precision of 
CCPs and CCVs in the organoid in Fig. 1E and the zebrafish in (B). 
(E) Comparative distribution of CCP and CCV lifetimes (left) and 
intensity cohorts grouped by their lifetimes (right) in the brain and 
muscle of a developing zebrafish embryo 55 hpf. 
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In vivo imaging of organelle morphology 

and dynamics during embryogenesis 

A major focus in cell biology is the study of 
the structure and function of organelles within 
the living cell. To study the dynamics of mul- 
tiple organelles simultaneously throughout the 
cell cycle across a population of cells in vivo, we 
imaged brain progenitor cells with markers 
for the trans-Golgi, endoplasmic reticulum (ER), 
mitochondria, and PM for 200 image volumes 
at 44-s intervals (Fig. 3, A and B, and Movie 4). 
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In interphase, we observed multiple trans-Golgi 
segments in most cells, often appearing as long 
filaments preferentially aligned along the axis 
of cell polarization (Fig. 3A) that fragmented 
during mitosis (Fig. 3B). The ER and mitochon- 
dria largely recapitulated the forms that they 
commonly take in cultured cells: The ER estab- 
lished a reticular network in interphase and 
sheetlike cisternae during mitosis (20), whereas 
mitochondria formed punctate structures near 
the surface and longer tubules in the subset of 
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more deeply buried interphase cells that were 
well labeled. Analyzing one such cell, we found 
that all three organelles were distributed uni- 
formly between the PM and the nucleus in 
interphase (fig. S9A), but mitochondria were 
preferentially located nearer the PM during 
mitosis (fig. S9A, 109 min). 

The early synchrony of cell division is lost in 
zebrafish at the midblastula transition (3 hpf). 
Nevertheless, at 14 hpf, we observed instances 
of cascading cell division, where adjacent cells 
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Fig. 3. Organelle morphologies and dynamics in zebrafish. (A) Com- 
putationally separated neural progenitor cells from a 70-um by 35-um by 
35-um region (inset) in the brain of a developing zebrafish embryo 
expressing GalT-mNeonGreen, tagRFP-Sec61f, and Citrine as markers of 
the trans-Golgi, ER, and PM, respectively, with additional labeling by 
MitoTracker Deep Red dye (Movie 4). Scale bars, 10 um. (B) Changing 
morphologies of the organelles in the specific cell outlined in (A) at three 
time points through mitosis. Arrowheads indicate mitotic blebs. Scale bar, 
10 um. (C) MIP views from 1-um-thick orthogonal slabs within the eye of a 
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zebrafish embryo 30 hpf, showing PM (blue) and endomembranes 
(orange) (Movie 5). Scale bars, 10 um. (D) Six time points from Movie 5, 
showing PM blebs (white arrowheads) during mitosis and the exclusion 
of endomembranes in early blebs (green arrowheads). (E) Correlation 
between nuclear volume and total cell volume in the eye and ear 
(Pearson's coefficient, 0.9 and 0.8, respectively). (F) Different morpholo- 
gies of trans-Golgi (top) near the spine of a zebrafish embryo 24 hpf 
and distribution of trans-Golgi volume in different cell types and at 
different developmental stages (bottom). 
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underwent mitosis one after another (fig. S10 
and Movie 4). Mitotic cells, as seen previously 
in cell cultures (18, 27), decreased their surface 
area (fig. S9E) as they assumed a spheroidal 
shape and produced transient blebs before cy- 
tokinesis, but then recovered their initial area 
after division. Total cellular volume remained 
constant throughout mitosis (fig. S9E). We also 
identified instances of asymmetric cytokinesis 
(Fig. 3B and Movie 4), where the two daughter 
cells differed in surface area by ~50% (fig. SOF). 
When we quantified organelle intensity in one 
such instance, we also observed asymmetric frac- 
tional partitioning of the Golgi and mitochondria 
between the daughter cells during cytokinesis 
(fig. S9G). 

Mitotic cells in the developing eye 30 hpf (white 
arrowheads in Fig. 3D and Movie 5) also produced 
transient blebs before cytokinesis. We discovered 
upon labeling with Bodipy-tetramethylrhodamine 
(TMR) that these blebs created voids (green 
arrowheads in Fig. 3D) that only slowly filled 
with endomembranes. 

Lastly, we observed considerable variability 
in the size and morphology of specific subcellular 
features across different organs and developmen- 
tal stages. Bodipy-TMR negative staining (e.g., Fig. 
3, C and D) revealed that the nuclei of ear cells 
30 hpf were nearly twice as large as those of eye 
cells when normalized by the total cellular volume 
(Fig. 3E, left) and that nuclear volume and cellular 
volume were positively correlated (Fig. 3E, right). 
Likewise, we found that the median trans-Golgi 
volume as a percentage of total cellular volume in 
brain progenitor cells 14 hpf was larger [2.46%; 
median absolute deviation (MAD) = 0.26%] than 
in ear, brain, or spine cells 24 hpf (2.0%; MAD = 
0.66%) (Fig. 3F). Golgi took many forms, from the 
aforementioned narrow polarized filaments in 
the early brain (Fig. 3A) to shorter segments clus- 
tered near the midline in the spine and nuclear- 
wrapping filaments in skin cells (Fig. 3F). 


Tiled acquisition for aberrations varying 
in space and time 


Because the refractive index profile can vary 
across a specimen and can also vary as the spec- 
imen develops, the AO corrections required can 
vary in both space and time. Unfortunately, it is 
difficult to estimate a priori the size or temporal 
stability of the isoplanatic patch (the FOV over 
which a single AO correction is valid). Empiri- 
cally, we found in zebrafish embryos less than 
72 hpf that a single excitation-detection correc- 
tion pair obtained by scanning and descanning 
over the FOV is usually valid across 30 to 60 um 
in each direction for at least 1 hour, provided 
that the light does not intersect the yolk. For- 
tuitously, these dimensions are comparable to 
those over which a LLS of submicron thickness 
does not deviate substantially in width. The ex- 
amples shown above largely fall within these 
limits and hence, for them, a single AO correc- 
tion pair at a single time point sufficed. 

In other cases, however, we may wish to cover 
much larger FOVs. To do so, we must stitch to- 


gether data from multiple image subvolume tiles, 
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each with its own independent AO correction. To 
demonstrate the necessity of this, we imaged a 
213-1m by 213-11m by 113-um volume (Fig. 4A and 
movie S4) comprising 7 by 7 by 3 tiles in the tail 
region of a zebrafish embryo 96 hpf expressing 
membrane-EGFP, using three different protocols: 
no AO correction (Fig. 4B, left column), AO cor- 
rection from the center tile applied to all tiles 
(middle column), and independent AO correc- 
tion in each tile (right column). When viewed 
across 3-um-thick slabs perpendicular (zy; Fig. 4B, 
top row) or parallel (vz; bottom row) to the de- 
tection axis, a small volume within the center 
tile (small orange boxes) showed substantial 
improvement by either center-tile or all-tiles AO 
correction, in both the zy lateral (upper-left 
orange boxes, top row) and 2g axial (upper-left 
orange boxes, bottom row) planes. This is to be 
expected, because the site of AO correction co- 
incided with the viewing area in these two cases. 
However, in a small volume at the edge of the 
fish (small blue boxes), only the data taken using 
individual AO corrections in each tile recovered 
optimal resolution in all directions (lower-right 
blue boxes, right column), because this volume 
was outside the isoplanatic patch over which the 
center-tile AO correction is valid. Applying the 
center correction across the larger stitched vol- 
ume often results in greater wavefront errors 
(fig. S11) and poorer resolution (lower-right blue 
boxes, middle column) than applying no correc- 
tion at all (ower-right blue boxes, left column), 
highlighting the importance of accurate and ro- 
bust correction, if AO is to be applied. 

Empirically, the largest aberrations that we 
observed in zebrafish embryos occur at regions 
of high curvature between the embryo and the 
surrounding media or at regions of rapid refrac- 
tive index change, such as near the notochord 
(Fig. 4C and Movie 6). For example, when the 
LLS penetrates the embryo near-perpendicularly 
to its surface, the excitation aberration is initially 
small (Fig. 4C, red arrowhead, left column, top). 
However, after the light sheet passes through the 
notochord, it encounters substantial aberration, 
as seen in both the measured wavefront (green 
arrowhead, left column, top) and the uncorrected 
image (green arrowhead, middle column, bot- 
tom). On the detection side, aberrations increase 
with increasing depth in the embryo (left column, 
bottom, and middle column, top to bottom). In 
addition, substantial aberrations occur when the 
edge of the embryo is imaged tangentially (yellow 
arrowhead, left column, bottom), so that part of 
the detection light cone intersects the embryo 
and part does not. 

Provided that the specimen does not shift 
by more than a fraction of the isoplanatic patch 
size during imaging, a given set of tiled AO 
corrections can remain valid for hours (Movie 6). 
However, growth during development can cause 
an embryo to change its shape, position, or re- 
fractive index profile so that new corrections are 
occasionally needed. Fortunately, these changes 
often occur on a time scale that is slow compared 
with that needed to image even a large FOV by 
LLSM. In such cases, it is sufficient to update the 


Movie 4. Subcellular imaging of organelle 
dynamics in the early zebrafish brain. 
Dynamics of PM (green or gray) and trans-Golgi 
(green), ER (magenta or red), and mitochondria 
(cyan) within neural progenitor cells over 

200 time points at 44-s intervals from 14.0 hpf, 
showing complexity within the tissue, cross- 
sectional slab views through cells, sequential 
division of adjacent cells, segmentation and 
separation of all cells, and morphological changes 
to organelles during mitosis in one such cell 

(Fig. 3, A and B, and figs. S9 and S10). 


Movie 5. Membrane dynamics in the zebrafish 
eye. PM (blue) and the endomembrane system 
(orange) 30 hpf viewed as xy orthoslices, cell 
divisions in a 1-wm-thick slab, and volume- 
rendered PM dynamics across the eye at 43.8-s 
intervals for 200 time points (Fig. 3, C to E). 


Movie 6. Tiled AO correction for imaging 
large volumes. A 170-um by 185-um by 135-um 
volume from the dorsal surface to the noto- 
chord in a PM-labeled zebrafish embryo, 
showing increasing aberration but continued full 
correction at increasing depth; corrective 
excitation and detection wavefronts in each of 
the tiled isoplanatic subvolumes of 5 by 4 by 

7 tiles; and four views of PM dynamics within 
the complete volume from 30 to 39.5 hpf, 
imaged at 7.5 min intervals (Fig. 4C). 
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correction at only a subset of different tiles at 
each time point, as long as all subsets together 
encompass all tiles in the FOV before the pre- 
vious round of corrections becomes inaccurate 
(Fig. 4D and movie S5). Usually, we chose sub- 
sets that broadly covered the FOV to monitor 
where the aberrations change the fastest. 
One region that involves substantial specimen 
curvature, large spatial variation of the refractive 
index, and gradual aberration change is the eye 
of the developing zebrafish. Although in vivo op- 


tic cup development has been studied at sub- 
cellular 3D resolution by conventional (22, 23) 
and multiview (24) light-sheet microscopy, tiled 
AO-LLSM permits a more detailed look at cel- 
lular morphology and organelle distributions 
during this process. We imaged across 4 by 4 by 
3 tiles (Fig. 5A and Movie 7) spanning most of the 
eye of an embryo 24 to 27 hpf at 6-min intervals 
to study differences in the intracellular orga- 
nization of various organelles (Fig. 5, B and C). 
Transgenic labeling of the PM allowed us to seg- 


ment, isolate (Fig. 5D), and characterize each cell 
by type (Fig. 5E). Skin cells exhibited mitochon- 
dria clustered in the perinuclear region, like 
mitochondria seen in flat and thin cultured cells, 
to which these skin cells are morphologically 
similar. In contrast, mitochondria in retinal neu- 
roepithelial (RNE) cells were generally longer, 
distributed across the length of the cell, and 
polarized along the same axis as the cell itself. 
The ER in RNE cells, although broadly distrib- 
uted, was usually densest around the nucleus and 


image volume, tiled AO corrections No AO 


AO + Deconvolution 


= 34.6 um 


depth 


excitation 
aberrations 


depth = 169.2 um 


Ee} 
=n 
BS 
3 
i) 
- 

u 
E> 
a. 
® 
3 


detection 
aberrations 


Fig. 4. AO-LLSM over large volumes. (A) Aberration-corrected volume 
rendering over 213 um by 213 um by 113 um in the tail region of a live 
zebrafish embryo 96 hpf expressing PM-targeted EGFP, assembled from 
independently corrected subvolumes of 7 by 7 by 3 tiles (movie S4). 
(B) Increasing effectiveness of correction, as seen in orthogonal MIPs 
from 3-um-thick slabs, under different scenarios: no AO (left column), 
AO correction from the center tile applied globally (middle column), 

and independent AO correction in each tile (right column) (fig. S11). Insets 
compare, at higher magnification, the quality of correction at the center 
tile (orange boxes) versus at the tiles at the periphery of the tail (blue 
boxes). Tile boundaries are shown in white. Scale bar, 30 um. (C) A 5 by 
4 by 7 set of measured excitation (left column, top) and detection (left 
column, bottom) aberrations which, after AO correction, yields 
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tiled AO corrections 


AO from center tile applied globally 


excitation aberrations detection aberrations 


diffraction-limited imaging over a 170-um by 185-um by 135-um volume 
(left column, center) in the spine of a zebrafish embryo 30 hpf (Movie 6). 
Red and green arrowheads indicate excitation aberrations in specific tiles 
before and after passage through the notocord, respectively. The yellow 
arrowhead indicates a tile with a large detection aberration deep within the 
specimen. Orthoslices before (middle column) and after (right column) 
AO correction show increased aberration but continued recovery of high 
resolution at progressively greater depth. Scale bar, 30 um. (D) Aberration- 
corrected volume renderings over 156 um by 220 um by 162 um in the 
spine of a zebrafish embryo, at three points from a time series at 30-min 
intervals (movie S5), flanked by excitation and detection path aberrations 

at those points. Those tiles whose corrections were updated at a given time 
point are marked in green. 
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least dense near the polarized ends. In mitotic 
cells, however, we again observed (20) that the 
ER remodeled into sheetlike structures concen- 
trated near the PM (Movie 7). 

By imaging over time (Fig. 5F), we could fol- 
low the stages of RNE cell division (green arrow- 
heads). As reported elsewhere (25), we found 
that, before mitosis, the nucleus retracts to the 
apical side of the retina (leftmost orange arrow- 
heads), while the cell maintains a thin connection 
to the basal side (rightmost orange arrowheads). 
Despite its narrowness, mitochondria remain in 
this region. RNE cell divisions then occur at the 
apical surface (white arrowheads). This process 
has been found to be necessary to maintain the 
integrity of retinal tissue (26). 


3D cell migration in vivo 


In vivo 3D migration of a cell in the densely 
crowded environment of living tissue involves 
forces, constraints, elasticity and adhesion het- 
erogeneity, and chemical cues not found in the 
simple 2D environment on a cover glass. Fur- 
thermore, cell migration involves intricate and 
rapid remodeling of membranes, organelles, and 
the cytoskeleton that requires high spatiotem- 
poral resolution to observe. It is therefore a prob- 
lem well suited to AO-LLSM. 

An example of this problem involves the wir- 
ing of neuronal circuits during development. To 
help them establish precise connections, axons 
are tipped with a highly complex and motile struc- 
ture, the growth cone. This structure functions 
as both a sensor and a motor, driving the growth 
of neurites on the basis of environmental cues 
(27). Although its dynamics have been shown to 
be important for its proper function (28-30), its 
3D dynamics in an intact animal have been dif- 
ficult to study because of the lack of techniques 
for imaging the structure with sufficient resolu- 
tion in vivo. 

To address this, we used AO-LLSM to image 
growth cones in the spinal cord of a zebrafish 
embryo in which a subset of newly differentiated 
neurons expressed stochastic combinations of 
three different fluorophores via Autobow (31) 
(Fig. 6A and fig. S12), so that they could be spec- 
trally distinguished from earlier differentiated 
neurons expressing only mCherry [e.g., those 
within the medial neuropil of the reticulospi- 
nal tract (magenta arrowheads, Fig. 6A)]. The 
Autobow-labeled neurons included Rohon-Beard 
sensory neurons in the dorsal spinal cord (e.g., 
yellow arrowheads, Fig. 6A) and interneurons 
with commissural axons. By imaging over more 
than two spinal segments at 10.4-min intervals 
from 58 to 70 hpf (Fig. 6B and Movie 8), we 
observed that the growth cones of axons migrat- 
ing in the rostrocaudal direction primarily probed 
in the direction of their motion (Fig. 6C, top, and 
movie S6), whereas the growth cones of dorso- 
ventrally aligned axons probed across a broader 
2D fan (Fig. 6D, top). Transverse views (Fig. 6, C 
and D, bottom) revealed that most, if not all, 
growth cones of both types were located close to 
the surface of the spinal cord, with their filopo- 
dia preferentially aligned parallel to the surface, 
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Movie 7. Organelle dynamics across the zebrafish eye. PM (cyan), trans-Golgi (green), ER 
(magenta), and mitochondria (brown) across a 128-um by 150-um by 75-um volume assembled from 
subvolumes of 4 by 4 by 3 tiles, showing orthoslices in a single tile, volume-rendered tiles before 
assembly into the combined volume, organelles in the combined volume, dynamics over 30 time 
points from 24.0 to 26.8 hpf in a 1-um-thick slab through the combined volume, dynamics in 
perpendicular orthoslices, and organelle morphologies in different cell types in the computationally 


expanded volume (Fig. 5). 
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Movie 8. In vivo imaging of spinal cord neural circuit development. Autobow-labeled, newly 
differentiated neurons expressing stochastic combinations of three fluorophores in a zebrafish 
embryo, showing corrective excitation and detection wavefronts in subvolumes of 5 by 2 by 1 tiles, 
with scrolling updates at one tile (green box) per time point; AO-corrected orthoslices and volume- 
rendered views in each color channel 58 hpf; and axon pathfinding in each color channel from 58 to 


70 hpf (Fig. 6, A to D; fig. S12; and movie S6). 


even though the dorsoventrally projecting axons 
had to pass through the spinal cord to reach its 
surface. This is consistent with the previous ob- 
servation that the neurites of late-born V2a ip- 
silateral projecting interneurons are located 
lateral to the preexisting ones, forming a layer- 
like organization based on the age of neurons 
(32), and extends this notion to other classes of 


spinal neurons. This also raises an interesting 
possibility that the shape of the growth cone is 
actively controlled in vivo to keep its exploration 
within a layer of its own age group. 

Cell migration is also a key aspect of the in- 
nate immune system. Neutrophils, for example, 
migrate from the vasculature through the endo- 
thelium to reach and engulf infectious targets 
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(33). To study this process in vivo, we imaged 
endogenously produced immune cells moving 
through the perilymphatic space of the ear in 
a transgenic zebrafish larva ~80 hpf express- 
ing the fluorescent protein Citrine in the PM 
of all cells (Fig. 6E and Movie 9). Acquiring 438 
image volumes at 13-s intervals allowed us to 
accurately measure the 3D position and speed 
(fig. S13, A and B) of the cellular center of mass. 
Across five trials involving different embryos at 


22°C, immune cells adopted a halting search 
pattern involving frequent changes in direction 
and speed (fig. S13, C to G), from nearly mo- 
tionless to 10 um/min. In contrast, neutrophilic 
mammalian HL-60 cells imaged in a collagen 
matrix at 37°C (6) exhibited peak speeds of 
~25 um/min (fig. S13H). 

Immune cells next to the ear were remarkable 
for their rapidly changing and complex 3D mor- 
phologies (Fig. 6F). Their surface areas changed 


ER 
mitochondria 


as much as 25% in 2 min (fig. S131) as they re- 
modeled themselves to exhibit a variety of pro- 
trusive features, including lamellar sheets, blebs, 
and short filopodia. Frequently, they also trailed 
a long filopodium behind them as they migrated 
to new regions (fig. S14). After injecting fluores- 
cent Texas Red dextran into the heart, we also ob- 
served several immune cells containing granules 
of dextran up to several microns in size (light 
blue, Fig. 6F, and Movie 9, part 1), presumably 


retinal 
neuroepithelial 
cell 


Oh 47m 


Fig. 5. Organelle diversity across the zebrafish eye. (A) Tiled 

array used to provide AO correction across the eye of a developing 
zebrafish embryo 24 hpf (Movie 7). Scale bar, 30 um. (B and C) 
Distribution of three different types of organelles across the volume 
assembled from the tiles in (A). Scale bars, 30 um. (D) Computation- 
ally separated cells across the eye, with the organelles colored as 
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indicated. Scale bar, 30 um. (E) Organelle morphologies in cells of 
three different types within the eye. Scale bar, 30 um. (F) Orthoslices 
at six different time points highlighting cell divisions (white and green 
arrowheads, left panel) at the apical surface of the retinal neuro- 
epithelium and mitochondria (orange arrowheads) present from the 
apical to the basal surface in one dividing cell. Scale bar, 30 um. 
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Fig. 6. 3D cell migration in vivo. (A) Two views of newly differentiated 
neurons highlighted by Autobow labeling in a 60-um by 224-um by 180-um 
section of the spinal cord of a zebrafish embryo 58 hpf (Movie 8). Magenta 
and yellow arrowheads show neurons differentiated before and after 
Autobow expression, respectively. (B) Increase in the density of rostro- 
caudally projecting axons over time. Scale bar, 20 um. (C) Sagittal (top) 
and transverse (bottom) views of the growth cones of four rostrocaudally 
projecting axons. Scale bars, 10 um. (D) Sagittal (top) and transverse 
(bottom) views of the growth cones of three dorsoventrally projecting 
axons. Scale bars, 10 um. (E) Time-coded color overlay of an immune cell 
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migrating within the perilymphatic space next to the inner ear of a live 
transgenic zebrafish embryo 70 hpf expressing PM-targeted Citrine (Movie 
9 and fig. S12). Texas Red dextran particles are shown in blue. Scale bar, 
10 um. (F) Changing morphologies of two different immune cells (top and 
bottom rows), one showing internalized dextran particles (blue) (fig. S13). 
Scale bar, 5 um. (G@) MDA-MB-231 human breast cancer cell (green) rolling 
in a blood vessel (magenta) in a zebrafish embryo 48 hpf. (H) Another 
MDA-MB-231 cell crawling through a blood vessel. (I) A partially extrava- 
sated MDA-MB-231 cell, showing an increasingly complex morphology over 
time (Movie 10 and fig. S1). Scale bars, 10 um in (G) to (1). 


10 of 13 


8102 ‘zz Judy uo /Bio Beweoueldssoua!0s//:dijy Wo papeojumoq 


RESEARCH | RESEARCH ARTICLE 


ingested earlier by phagocytosis. However, these 
did not noticeably affect the motility of the cells 
or their ability to navigate through tight inter- 
stitial spaces. 

Apart from immune cells, 3D AO-LLSM movies 
(e.g., Movie 9, part 2) of the developing ear region 
revealed a wealth of cellular morphologies and 
behaviors, including filopodial oscillations at the 
dorsal surface of skin cells, gradual inflation of 
the perilymphatic volume, rapid passage of cells 
through blood vessels, long and active filopodia 
on endothelial cells, and cellular motion in the 
hindbrain. With AO, the spatiotemporal resolu- 
tion and noninvasiveness that we achieved was 
comparable to what we obtained when imaging 
cultured cells with our original LLSM approach 
(6), allowing us, for example, to follow the de- 
tailed morphological changes in a single endo- 
thelial cell lining the hindbrain over the entire 
course of its division (fig. S15 and Movie 9, part 2). 

As a final example of 3D migration, during 
cancer metastasis, circulating tumor cells (CTCs) 
extravasate and seed new tumor formation at 
sites distant from the primary tumor (34). Extra- 
vasation has been studied extensively in vitro, 
but little is known about the process in vivo, 
owing to the highly dynamic nature of cells in 
circulation and the low density of CTCs in the 
vasculature. A long-standing hypothesis (34) 
based on in vitro studies is that CTCs co-opt a 
three-step process used by leukocytes to extrav- 
asate at sites of inflammation (34): Circulating 
leukocytes initially form tethers to weakly adhere 
to the vascular endothelium, causing them to roll 
slowly downstream (35); eventually, they attach 
and crawl along the endothelial wall; and finally, 
they penetrate the endothelium and migrate into 
the tissues beyond. 

To determine whether CTCs follow this same 
pattern in vivo, we used a xenograft model (36), 
where we injected PM-labeled human breast 
cancer cells (MDA-MB-231) into the vasculature 
of 2-day-old zebrafish embryos that were trans- 
genic for an endothelial reporter (kdrl:gfp). As 
hypothesized, we observed all three leukocyte 
migration behaviors in the cancer cells. First, we 
recorded MDA-MB-231 cells rolling through the 
blood vessels (Fig. 6G), trailing microvilli that ad- 
hered to the endothelium and stretched several 
microns before detaching as the cell continued 
to move downstream (Fig. 6G and Movie 10, 
part 1). Second, we visualized MDA-MB-231 cells 
crawling along the endothelium (Fig. 6H and 
Movie 10, part 2). Last, we observed an MDA- 
MB-231 cell actively engaged in transendothelial 
migration, with the portion of the cell outside 
the blood vessel projecting actin-rich extensions 
into the surrounding tissue (Fig. 6I and Movie 10, 
part 3) as the area of the cell increased by ~50% 
over 2 hours (fig. S16). 


Discussion 


AO-LLSM enables minimally invasive high-speed 
3D imaging of subcellular dynamics within op- 
tically challenging living specimens while main- 
taining diffraction-limited resolution, even over 
large FOVs. It corrects not only sample-induced 
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Movie 9. Immune cell migration next to the 
zebrafish inner ear. Immune cells within 

the perilymphatic space of the inner ear of 
transgenic zebrafish embryos expressing 
PM-targeted Citrine 80 hpf, showing a 

MIP view before and after AO correction plus 
deconvolution of two immune cells (orange), 
one of which has ingested dextran particles 
(blue), for 438 time points at 13-s intervals; 

a volume-rendered view with a migrating 
immune cell and a dividing endothelial cell; and 
tracking of the position and velocity of an 
immune cell (Fig. 6, E and F, and figs. S13 to S15). 


Movie 10. Cancer cell migration in a zebra- 
fish xenograft model. MDA-MB-231 human 
breast cancer cells (green) exhibiting three 
different forms of motion within the vasculature 
(magenta) of different zebrafish embryos: 
rolling within a blood vessel while extending 
long, adhesive microvilli; crawling while 
conforming to the shape of a blood vessel; 

and partial extravasation from a blood vessel 
(Fig. 6, G to I, and fig. S16). 


aberrations, but also those introduced by mount- 
ing and immersion media (e.g., Fig. 1E) or imper- 
fections in the optical path through the microscope. 
It therefore can provide practical 3D resolution 
exceeding that of nominally higher numerical 
aperture (NA) confocal or spinning disk micro- 
scopes, even in the comparatively benign op- 
tical environment encountered when imaging 
isolated adherent cells on cover slips. 

This performance does not come without 
caveats, however. Because the fluorescence in- 
duced by the light sheet is captured with wide- 
field optics, only weakly scattering specimens 
can be imaged. In addition, extremely sparse 
and/or weakly emitting fluorescent targets may 
require colabeling with a second, brighter color 


channel to provide a sufficient guide star signal 
for accurate wavefront measurement. Highly 
absorbing structures such as large blood vessels 
or melanin bodies within the detection light 
cone can block guide star light from reaching 
enough cells of the sensor for accurate wave- 
front measurement, although wavefront recon- 
struction algorithms might be made more robust 
against such missing information. Wavefront ab- 
erration can vary considerably across the speci- 
men, and at present, this variation can only be 
determined empirically for each specimen type 
and developmental stage to determine how to 
subdivide the desired image volume into tiled 
isoplanatic subvolumes of relatively uniform ab- 
erration. Fortunately, such tile maps tend to be 
consistent between specimens of the same type 
and age, given similar mounting geometries. 
Lastly, specimens imaged after muscle develop- 
ment must be anesthetized and immobilized, or 
else a new correction must be measured and ap- 
plied whenever sample motion exceeds the size 
of a given isoplanatic patch. 

Another caveat is that all but one of the above 
described involved imaging subcellular dynam- 
ics within zebrafish embryos. Although we have 
shown that we can achieve substantial gains 
in imaging performance in both Caenorhabditis 
elegans larvae (fig. S17 and movie S7) and 
Arabidopsis thaliana leaves (fig. S18 and movie 
88), Danio rerio represents an ideal model sys- 
tem in which to study cell and developmental 
biology in vivo, because it is a rapidly develop- 
ing transparent vertebrate that is amenable to 
genetic manipulation. Furthermore, zebrafish 
embryos are small enough that most regions are 
optically accessible far into development, yet large 
enough to exhibit smoothly varying refractive 
index profiles that result in isoplanatic patch 
sizes that are comparable to imaging fields 
typical of LLSM. In contrast, C. elegans larvae 
and adults exhibit larger and more rapid spatial 
variations in refractive index, particularly near 
the gut, that can require a denser mesh of AO 
corrections, despite this organism’s reputation 
as an optically tractable model. 

Conventional light-sheet microscopy using 
weakly focused Gaussian beams is also suscep- 
tible to aberrations and would therefore also 
benefit from AO correction (8, 9). However, con- 
ventional systems typically cover much wider 
FOVs and often operate at greater depth in larger 
organisms, such as in applications involving 
functional imaging of whole neural circuits 
(37) or in toto cellular tracking during develop- 
ment (38). They therefore usually image over 
regions much larger than a single isoplanatic 
patch, making it difficult to retain even cellular- 
level resolution at all locations and compromis- 
ing the accuracy and resolution of approaches 
based on multiview fusion (39-41). A single AO 
correction would provide at best only partial cor- 
rection, and a tiled AO approach, such as we use 
with LLSM, would negate the high-speed, large- 
field advantages of the conventional light-sheet 
microscopy. On the other hand, simultaneous 
full-field AO correction would likely require 
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multiconjugate adaptive optics (42), substan- 
tially increasing cost and complexity. 

Perhaps the greatest challenge of AO-LLSM 
involves mining the immense and complex data 
that it produces to extract as much biological 
insight as possible. In Fig. 6, for example, panels 
A to D represent a minute fraction of a 0.62- 
terabyte raw data set which first had to be 
deconvolved, creating a second copy, and then 
imported into 3D visualization software, gen- 
erating a third. We deconvolve and store data 
in real time, but importation and visualization 
can take many hours, preventing meaningful 
real-time feedback on whether the biological 
structure and dynamic process of interest are 
being optimally recorded. If history is any guide, 
problems of petabyte-scale data storage and vis- 
ualization at reasonable cost will yield to con- 
tinued advancements in commercial hardware, 
but problems of image analysis and meaningful 
quantification of data at this scale may prove far 
less tractable. Although we have demonstrated 
quantification on a smaller scale through single- 
particle (Fig. 2, D and E, and fig. S8) and single- 
cell (fig. S13) tracking, segmentation (Figs. 2B, 
3A, and 5D), and measurement of area and vol- 
ume (Fig. 3, E and F, and figs. S9 and S16), the 
diversity of questions that can be asked when 
modern genetic and pharmacological tools are 
combined with high-resolution 5D in vivo data 
spanning hundreds of cells over many hours 
will demand bioinformatics expertise, machine 
learning, and custom algorithm development 
on an unprecedented level. Nevertheless, such 
efforts promise to offer insights into how cells 
harness their intrinsic variability to adapt to 
different physiological environments and have 
the potential to reveal the phenotypic diversity 
of organelle morphologies, intracellular dynam- 
ics, extracellular communication, and collective 
cell behavior across different cell types, orga- 
nisms, and developmental stages. 


Materials and methods 
Lattice light-sheet subsystem 


The lattice light-sheet excitation path of the AO- 
LLSM was designed as described previously (6). 
Noted here are the changes introduced in the 
AO-LLSM. The collinear laser beams from the 
combiner were first expanded using a pair of 
cylindrical lenses and aligned such that up to 
three different wavelengths illuminated three 
vertically separated thin stripes on spatial light 
modulator SLM, (Holoeye, PLUTO-Vis-014 1920 x 
1080 pixels; fig. S1). As a grayscale phase mod- 
ulation device, SLM was introduced to not only 
create the light sheet but to correct sample- 
induced aberrations as well. The diffraction or- 
ders reflected from SLM were then filtered 
using annular mask MSK (Photo Sciences) as 
before and conjugated to galvanometer scanning 
mirrors G3 and G4 (3 mm mirror, Cambridge 
Technology, 8315H) to scan the light sheet along 
the x and the g axis. During imaging, different 
offset voltages were applied to the z galvo to 
sequentially realign the light sheet from each 


laser to the same plane within the specimen. 
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Sample plane conjugate resonant galvanometer 
RG (Electro-Optical Products Corp. 7 x 8 mm, 
SC-30) was also added prior to the excitation 
objective (Special Optics, 0.65 NA, 3.74 mm WD) 
to wobble the light sheet in the xy plane and 
thereby minimize stripe artifacts due to localized 
absorbing or scattering objects in the specimen. 
The fluorescence generated in the excitation 
plane was collected with detection objective DO 
(Nikon, CFI Apo LWD 25XW, 1.1 NA, 2 mm WD) 
and reflected off deformable mirror DM (ALPAO 
97-15) conjugate to the rear focal plane of DO 
before being imaged at sCMOS camera CAM 1 
(Hamamatsu Orca Flash 4.0 v2). Complete de- 
tails of the optical design are given in supple- 
mentary note 1. 


Adaptive optics subsystems 


In principle, independent AO corrective systems 
are needed for excitation and detection in LLSM, 
since light traverses different regions of the spec- 
imen in each case and hence is subject to differ- 
ent aberrations. However, given that: (i) aberrations 
decrease quickly with decreasing numerical aper- 
ture (NA) (7); (ii) we use at most 0.6 NA for ex- 
citation, versus 1.1 NA for detection in LLSM; and 
(iii) only aberrations within a narrow annulus 
at the rear pupil of the excitation objective will 
affect a lattice light sheet, it is not obvious that 
AO correction of the light sheet itself is neces- 
sary. To check, we simulated the effect of aber- 
rations consisting of random combinations of 
the 55 lowest-order Zernike modes up to a root 
mean square (RMS) amplitude of two wave- 
lengths (A). We found (fig. $19) that aberrations 
at this level could expand a 0.7-um-thick lattice 
light sheet to as much as 20 um, and displace it 
perpendicular to its plane by up to +8 um, in- 
dicating that correction of excitation as well as 
detection is essential. 

Hence, during aberration measurement, light 
from Ti:Sapphire ultrafast pulsed laser 2PL (Co- 
herent Cameleon Ultra II) was ported to either 
the excitation or detection arm by switching 
galvanometer SGI (fig. S1). In either case, TPEF 
generated within the specimen by scanning the 
guide star focused by EO or DO was collected by 
the same objective, descanned (77) and sent to 
homebuilt Shack-Hartmann wavefront sensor ESH 
or DSH, each consisting of a square microlens 
array (Edmund Optics) focused onto an EMCCD 
camera (Andor iXon). Corrective wavefronts were 
then applied to SLM or DM as described in sup- 
plementary notes 3 or 2, respectively. Further hard- 
ware details are given in supplementary note 1. 

Autofocus measurement was achieved by view- 
ing, side-on through EO, both the light-sheet 
fluorescence and the plane of fluorescence gen- 
erated by guide star TPE excitation through DO 
on camera CAMA4, and correcting for any dis- 
placement between them as outlined in supple- 
mentary note 5. 


Zebrafish immobilization, mounting, and 
imaging conditions 


Zebrafish embryos were paralyzed with ~1 ng of 
o-bungarotoxin protein injected prior to imaging 


(43) or anesthetized using tricaine (0.16 mg/ml) 
for 15 min. 12-mm-diameter glass coverslips were 
precleaned as follows: ~20 coverslips were placed 
in a 50 ml Falcon tube containing 0.IM NaOH 
and the tube placed in a sonicator for 15 min, 
followed by at least 5 consecutives washes with 
Mili-Q water and then immobilized in the sample 
holder using superglue. An agarose holder con- 
taining narrow groves for mounting the embryos 
was created by solidifying a few drops of 0.5 to 
2% (wt/wt) low-melting agarose between the 
coverslip and a mold containing ridges. For the 
immune cell experiments, larvae were placed 
in 3D-printed volcano-shaped mounts (https:// 
www.shapeways.com/shops/megason-lab). A home- 
made hair-loop was used to position the embryo 
in the mold, which was then stabilized with a 
thin layer of agarose made by applying on top of 
the immobilized embryo ~10 to 20 ul 1% low- 
melting agarose at 37° to 40°C and then wicking 
the excess. After solidification, the sample holder 
was bolted onto a three-axis set of sample stages 
(Attocube, ECS3030 for x and y, ECS3050 for 2) 
and submerged in a sample bath containing 
~8 ml of Ix Danieau buffer. This assembly was then 
raised by a motorized actuator (Newport, LTA- 
HS Actuator, integrated with CONEX-CC Con- 
troller, CONEX-LTA-HS) until EO and DO were 
immersed in the media. The sample stages then 
positioned the desired FOV to the mutual focal 
point of the objectives. Detailed imaging con- 
ditions for each experiment discussed in the 
paper, including excitation power, imaging 
time, image, tile and voxel sizes, fluorophores, 
and proteins, are in table S1. Additional prepara- 
tion conditions are discussed in supplementary 
note 6. 
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The ability to control multidimensional quantum systems is central to the development 

of advanced quantum technologies. We demonstrate a multidimensional integrated quantum 
photonic platform able to generate, control, and analyze high-dimensional entanglement. 

A programmable bipartite entangled system is realized with dimensions up to 15 x 15 on 

a large-scale silicon photonics quantum circuit. The device integrates more than 550 photonic 
components on a single chip, including 16 identical photon-pair sources. We verify the high 
precision, generality, and controllability of our multidimensional technology, and further exploit 
these abilities to demonstrate previously unexplored quantum applications, such as quantum 
randomness expansion and self-testing on multidimensional states. Our work provides an 
experimental platform for the development of multidimensional quantum technologies. 


s a generalization of two-level quantum 
systems (qubits), multidimensional quan- 
tum systems (qudits) exhibit distinct quan- 
tum properties and can offer improvements 
in particular applications. For example, 
qudit systems allow higher capacity and noise 
robustness in quantum communications (1-3), 
can be used to strengthen the violations of gen- 
eralized Bell and Einstein-Podolsky-Rosen (EPR) 
steering inequalities (4-6), provide richer re- 
sources for quantum simulation (7, 8), and offer 
higher efficiency and flexibility in quantum com- 
puting (9, 10). Moreover, encoding and process- 
ing qudits can represent a more viable route to 
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larger Hilbert spaces. These advantages motivate 
the development of multidimensional quantum 
technologies in a variety of systems, such as pho- 
tons (11, 12), superconductors (8, 13), and atomic 
systems (14, 15). Unlike superconducting and 
atomic qudits, which cannot be encoded and 
manipulated without complex interaction engi- 
neering and control sequences, photons represent 
a promising platform able to naturally encode 
and process qudits in various degrees of freedom, 
such as orbital angular momentum (OAM) (17, 12), 
temporal modes (3, 16), and frequency (17, 18). 
Previous work on qudits includes realizations of 
complex entanglement (19), entanglement in ultra- 
high dimensions (20), and practical applications 
in quantum communication (7-3) and computing 
(7-9). However, these approaches incur limita- 
tions in terms of controllability, precision, and 
universality, which represent bottlenecks for fur- 
ther developments of multidimensional technol- 
ogies. For example, the arbitrary generation of 
high-dimensional entanglement is a key exper- 
imental challenge, typically relying on complex 
bulk-optical networks and postselection schemes 
(12, 16-18). In general, these approaches lack the 
ability to perform arbitrary multidimensional 
unitary operations with high fidelity (76, 79), an 
important factor in quantum information tasks. 
Integrated microring resonators able to emit 
multidimensional OAM (27) and frequency (18) 
states have been reported, but these present lim- 
ited fidelity and difficulties for on-chip state 
control and analysis, thus not fully exploiting the 
high precision, scalability, and programmability 
of integrated optics. 


We report a multidimensional integrated quan- 
tum photonic device that is able to generate, 
manipulate, and measure multidimensional 
entanglement fully on-chip with unprecedented 
precision, controllability, and universality. Path- 
encoded qudits are obtained in which each photon 
exists over d spatial modes simultaneously, and 
entanglement is produced by a coherent and 
controllable excitation of an array of d identical 
photon-pair sources. Our device allows the gen- 
eration of multidimensional entangled states 
with an arbitrary degree of entanglement. Uni- 
versal operations on path-encoded qudits are pos- 
sible in linear optics for any dimension (22, 23), 
and our device performs arbitrary multidimen- 
sional projective measurements with high fidelity. 
The capabilities achieved allow us to demon- 
strate high-quality multidimensional quantum 
correlations, verified by generalized Bell and 
EPR steering violations, and to implement un- 
explored multidimensional quantum informa- 
tion protocols. 


Large-scale integrated quantum 
photonic circuit 


Entangled path-encoded qubits can be generated 
by coherently pumping two photon-pair sources 
produced by spontaneous parametric down- 
conversion (24) or by spontaneous four-wave 
mixing (SFWM) (25). The approach can be gen- 
eralized to qudits via the generation of photons 
entangled over d spatial modes by coherently 
pumping d sources (24). However, scaling this 
approach to high numbers of dimensions has 
been challenging because of the requirement 
for a stable and scalable technology able to co- 
herently embed large arrays of identical photon 
sources and to precisely control qudit states in 
large optical interferometers. 

Silicon quantum photonics offer intrinsic 
stability (26), high precision (27), and dense in- 
tegration (28) and can therefore provide a natural 
solution. We devised a large-scale silicon quan- 
tum photonic circuit to implement the scheme 
(Fig. 1A). A total of 16 SFWM sources are coherently 
pumped, generating a photon pair in a superposi- 
tion across the array. Because both photons must 
originate from the same source, the bipartite state 
created is >2%—-0C%|1);.4[1)s ¢, where [1) ;;, and [1).% 
respectively indicate the Fock state of the idler and 
signal photon in the x&th spatial mode, and c;, 
represents the complex amplitude in each mode 
(with Ylex|? = 1). The mapping between the 
Fock state of each photon and the logical state is 
as follows: We say that the qudit state is |k) (k = 0, 
..., @ — 1) if the associated photon is in its kth 
optical mode. This yields a multidimensional en- 
tangled state of the form 


IW) a = S> celk) |k) (1) 


k=0 


where the coefficients c, can be arbitrarily 
chosen by controlling the pump distribution 
over the d sources and the relative phase on each 
mode. This is achieved with a network consisting 
of Mach-Zehnder interferometers (MZIs) at 
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the input and phase shifters on each mode. In 
particular, maximally entangled states |y}) = 
soe blk) lk) «/ Vd can be obtained with a uniform 
excitation of the sources. The two nondegen- 
erate photons are deterministically separated 
using asymmetric MZI filters and routed by a 
network of waveguide crossings, grouping the 
signal photon into the top modes and the idler 
photon into the bottom modes (Fig. 1A). We 


A coherent pump splitting 
‘ae 


source 1 


>| linear 
optics 


oton generatio 


ph n 
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can then locally manipulate and measure the 
state of each qudit. Linear optical circuits en- 
able the implementation of any local unitary 
transformation Uh in dimension d (22, 23). A 
triangular network of MZIs and phase shifters 
is used, which allows us to perform arbitrary 
local projective measurements, and two detec- 
tors are used to measure the outcomes. In this 
scheme, the measurement outcomes on a spe- 


photon separation & routing 


cific basis are collected sequentially by rotat- 
ing the qudit reference frame and using one 
detector per photon. The collection of the d” 
outcomes thus requires d? detections in total. 
For more general implementations, the simul- 
taneous collection of all the outcomes can be 
achieved via universal qudit operations (23) 
and the detection of each photon on all the 
output modes with 2d detectors (Fig. 1A, inset). 
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Fig. 1. Diagram and characterization of the multidimensional silicon 
quantum photonic circuit. (A) Circuit diagram. The device monolithically 
integrates 16 SFWM photon-pair sources, 93 thermo-optical phase 

shifters, 122 multimode interferometer (MMI) beamsplitters, 256 waveguide 
crossers, and 64 optical grating couplers. A photon pair is generated 

by SFWM in superposition across 16 optical modes, producing a tunable 
multidimensional bipartite entangled state. The two photons, signal 

and idler, are separated by an array of asymmetric MZI filters and routed by a 
network of crossers, allowing the local manipulation of the state by linear 
optical circuits. Using triangular networks of MZls, we perform arbitrary 

local projective measurements. The photons are coupled off the chip into fibers 
by means of grating couplers and are detected by two superconducting 
nanowire detectors. The inset represents a general schematic for universal 
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generation and manipulation of bipartite multidimensional entangled 

states. (B) Framework for correlation measurements on a shared 
d-dimensional state 4. Mate and Mby represent the operators 

associated with local measurements x on Alice and y on Bob, with 
outcomes a and b, respectively. (C) Photograph of the device. Silicon 
waveguides and 16 SFWM sources can be observed as black spirals. Gold 
wires allow the electronic access of each phase shifter. (D) Visibilities 

for the two-photon RHOM experiments to test sources’ indistinguishability. The 
inset shows the histogram of all 120 measured visibilities, with a mean 
value of 0.984 + 0.025. (E) Statistical fidelity for d-dimensional projectors in 
both the computational Z-basis and the Fourier F-basis. The inset 

shows the measured distribution for the 16-dimensional projector 

in the Z-basis. 
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See (29) for more details of the device and ex- 
perimental setup. 

The 16 photon-pair sources are designed to be 
identical. Two-photon reversed Hong-Ou-Mandel 
(RHOM) interference is used to verify their per- 
formance, where the fringe visibility gives an 
estimate of the sources’ indistinguishability (26). 
RHOM interference is tested between all the 
possible pairs of the 16 sources, performing 
(2) = 120 quantum interference experiments 
and evaluating the corresponding visibilities. The 
pair of sources used for each interference experi- 
ment is selected each time by reconfiguring the 
interferometric network. The observed rate of 
photon-pair coincidences was approximately 
2 kHz in typical measurement conditions, from 
which accidentals were subtracted. For the mea- 
sured visibilities (Fig. 1D), in all cases we obtained 
a visibility greater than 0.90, and more than 80% 
of cases presented a visibility of >0.98. These 
results show a state-of-the-art degree of source 
indistinguishability in all 120 RHOM experi- 
ments, leading to the generation of high-quality 
entangled qudit states. 

Each of the MZIs and phase shifters can be 
rapidly reconfigured (kHz rate) with high pre- 
cision (26, 28). The quality of the qudit projec- 
tors is characterized by the classical statistical 
fidelity, which quantifies the output distribution 
obtained preparing and measuring a qudit on 
a fixed basis. We measured the fidelity of 
projectors in dimension d = 2 to 16 in the com- 
putational basis Z = |k)(k| as well as in the 
Fourier-transform basis F = |¢)(¢|, where |¢) = 
Dyeoexp(2nikl/d)|kyWd and k, € = 0, .... d-1 
(Fig. 1E). For d = 8, we observed fidelities of 
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Fig. 2. Experimental quantum state tomographies. (A) Measured 
quantum fidelities (yj |pglyy), where 64 represents the reconstructed 
states and |w) refers to the ideal d-dimensional maximally entangled state. 
(B to D) Reconstructed density matrices for the entangled states in 
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98% in the Z-basis and 97% in the F-basis; for 
d = 16, fidelities were 97% in the Z-basis and 
85% in the F-basis (29). The residual imperfec- 
tions are mainly due to thermal cross-talk be- 
tween phase shifters (higher in the F -basis), 
which can be mitigated using optimized designs 
for the heaters (28) or ad hoc characterization 
techniques (23). 

Because of a fabrication imperfection in the 
routing circuit, one of the modes (triangle label 
in Fig. 1A) for the idler photon presents an ad- 
ditional 10-dB loss. For simplicity, we exclude 
this lossy mode in the rest of our experiments 
and study multidimensional entanglement for 
dimensions up to 15. 

Figure 1B represents the experiment in the 
standard framework for bipartite correlation. 
The correlations between two parties, Alice (A) 
and Bob (B)—here identified by the signal and 
idler photon, respectively—are quantified by joint 
probabilities p(ab|ay) = Tr[p g(Malw ® Mpy)I, 
where f , is the shared d-dimensional state; x, y € 
{1, ..., m} represent the 7 measurement settings 
chosen by Alice and Bob; and a, b € {0, ..., d- 1} 
denote the possible outcomes with associated 
measurement operators Ma, and Myy. The joint 
probabilities for each measurement are calculated 
by normalizing the coincidence counts over all 
the d” outcomes in a given basis. 


Quantum state tomographies 


Quantum state tomography (QST) allows us to 
estimate the full state of a quantum system, pro- 
viding an important diagnostic tool. In general, 
performing a complete tomography is an ex- 
pensive task both in terms of the number of 


D d= 12 
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measurements and the computational time to 
reconstruct the density matrix from the data. 
For these reasons, complete QST on entangled 
qudit states has been achieved only up to eight- 
dimensional systems (30). To perform the tomo- 
graphic reconstructions of larger entangled states, 
we use quantum compressed sensing techniques. 
Inspired by advanced classical methods for data 
analysis, these techniques reduce the experimental 
cost for state reconstruction (31), are general for 
density matrices of arbitrary dimension (32), 
and have been experimentally demonstrated to 
characterize complex quantum systems (32, 33). 
Compressed sensing QST was implemented to 
reconstruct bipartite entangled states with local 
dimension up to d = 12. Fidelities with ideal 
states |y;) are reported in Fig. 2A. For dimen- 
sions d = 4, 8, and 12, we plot the reconstructed 
density matrices, with fidelities of 96%, 87%, 
and 81%, respectively (Fig. 2, B to D). These 
results show an improvement of the quality for 
multidimensional entanglement (18, 30). See 
(29) for more details. 


Certification of system dimensionality 


The dimension of a quantum system quantifies 
its ability to store information and represents a 
key resource for quantum applications. Device- 
independent (DI) dimension witnesses enable 
us to set a lower bound for the dimension of a 
quantum system solely from the observed stat- 
istics [i.e., correlation probabilities p(ab|ay)], 
making no prior assumptions on the experimental 
apparatus [see, e.g., (34, 35)]. Here, we adopt the 
approach of (35) to verify the local dimension of 
entangled states in a DI way in the context where 


(11,11 


dimension 4 (B), 8 (C), and 12 (D) using compressed sensing techniques. 
Column heights represent the absolute values |p|; colors represent the phases 
|Arg(p)|. The phase information for matrix elements with module |pj| < 0.01 is 
approximately randomly distributed but is not displayed for clarity. 
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shared randomness is not a free resource. The 
lower bound on the system dimension is given 
by !D(p)1, where D(p) is a nonlinear function 
of the correlations, and [¢1 indicates the least 
integer greater than or equal to e¢. Whereas with 
d we indicate the local dimension of the qudit 
encoded in d modes, [D(p) 1 represents the cer- 
tified dimension of the quantum system—that 
is, the minimum dimension required to describe 
the observed correlations. We adopt two dif- 
ferent DI measurement scenarios, with exper- 
imental results shown in Fig. 3A. In scenario I, 
we calculate the bound from the measured (par- 
tial) correlations for the Magic Square and Magic 
Pentagram games (36) (Fig. 3B). For example, to 
certify 8 x 8 entangled states (locally equivalent 
to a three-qubit system), we perform a Z-basis 
measurement on Alice’s system, while on Bob’s 
system we use the Z-basis and the one that simul- 
taneously diagonalizes the commuting opera- 
tors ZZZ, ZXX, XZX, and XXZ (Fig. 3B, lines Ls 
and Ls, respectively). In the absence of noise, 
we would achieve D = 8. Using the measured cor- 
relations, we obtain D(p}) 27.22 +0.05, which 
yields the optimal lower bound rD( ph I = 8.In 
scenario II, we compute D(p'}) for correlations 
py obtained by performing Z-basis measure- 
ments on both sides of the maximally entangled 
state of local dimension d. We expect less experi- 
mental noise in this scenario (see Fig. 1D). As 
shown in Fig. 3A, the experimentally observed 
correlations p} yield! D(p!!) 1 = dfor all d< 14, 
certifying the correct dimensions. See (29) for 
further details. 


Multidimensional Bell correlations and 
state self-testing 


Bell inequalities enable experimental studies of 
quantum nonlocality, which indicates the pres- 
ence of correlations incompatible with local hid- 
den variables (LHV) theories. Nonlocality can 
be demonstrated by the violation of Bell inequal- 
ities of the form Sg < Cz, where Sg is a linear 
function of the joint probabilities and Cy is the 
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classical bound for LHV models. Although our im- 
plementation does not represent a rigorous and 
loophole-free test of nonlocality, Bell inequalities 
are here used as an experimental tool to benchmark 
the quality of the multidimensional entanglement 
and to investigate possible future applications. 
We study two types of generalized Bell-type in- 
equalities for d-dimensional bipartite systems: 
the SATWAP (Salavrakos-Augusiak-Tura-Wittek- 
Acin-Pironio) inequalities, recently introduced in 
(6), and the standard CGLMP (Collins-Gisin-Linden- 
Massar-Popescu) inequalities (5). In contrast to 
CGLMP inequalities, SATWAP inequalities are 
explicitly tailored to obtain a maximal violation 
for maximally entangled qudit states. Here, we 
test the two-input version of the SATWAP in- 
equalities by measuring the joint probabilities 
to obtain the quantity 


2 


d-1 
ig= » > 4iBi) (2) 


i=1 


Table 1. Experimental values for multi- 
dimensional CGLMP Bell correlations. 
Measured CGLMP values are given with 
experimental errors. Values in parentheses 
refer to the LHV classical bound; those in 
braces refer to theoretical bounds for 
d-dimensional maximally entangled states. 
Errors are given by photon Poissonian noise. 
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Fig. 3. Verification of system dimensionality. 
(A) Experimental results. Data points refer to 

the measured lower bounds on the local dimension 
of the generated entangled states; green and 

red points represent data for measurement 
scenarios | and Il, respectively. The yellow line refers 
to ideal values. Errors are smaller than the markers 
and are neglected here for clarity. (B) Correlation 
measurements associated with optimal strategies 
for Magic Square and Magic Pentagram games. 

X, Y, and Z are Pauli operators and / is the identity. 
Red lines C;, R;, and L; are associated with different 
measurement settings. A single Magic Square 
game, a single Magic Pentagram game, and two 
copies of the Magic Square game are used in an 
attempt to certify the dimension for states with 
local dimension d= 4, d= 6 or 8, andd = 10, 12, 14, or 
15, respectively. The correct dimension is certified 
for up to d = 10 when using measurement scenario | 
and up to d = 14 when using scenario II. 


where the 2(d - 1) values (A!B!) represent gen- 
eralized Bell correlators, whose explicit form is 
given in (29). The Bell inequality here is given 
by Ig < Cz, where the bound for classical LHV 
models is Cg = [3 cot(n/4d) - cot(3n/4d)]/2 - 2. 
The maximum value of / obtainable with quan- 
tum states (known as the Tsirelson bound, Q,) is 
known analytically for arbitrary dimensions and is 
given by Ig < Qa = 2d — 2. This maximal violation 
is achieved with maximally entangled states (6). 
In Fig. 4A we show the experimental values 
of the generalized correlators Re{(A/B!)]. The 
correlation measurements are performed in the 
Fourier bases provided in (29). Figure 4B shows 
the obtained values of Iz for dimensions 2 to 8, 
together with the analytical quantum and classical 
bounds. In all cases the classical bound is violated. 
In particular, in dimensions 2 to 4, a strong 
violation is observed, closely approaching Qy. 
We report in Table 1 the experimental values 
for the CGLMP inequalities. Again, strong viola- 
tions of LHV models are observed. As an example, 
for d = 4 we observe S, = 2.867 + 0.014, which 
violates the classical bound (i.e., Cz = 2 for CGLMP 
inequalities) by 61.90 and is higher than the 
maximal value achievable by two-dimensional 
quantum systems (S. = 2\/2) by 2.86, indicating 
stronger quantumness for higher dimensions. 
The near-optimal Bell violations enable the 
self-testing of multidimensional entangled states. 
The task of self-testing represents the DI charac- 
terization of quantum devices by a classical user, 
based solely on the observed Bell correlations 
(37, 38), and thus does not require making any 
assumption about the devices being tested—a 
desirable attribute for practical quantum applica- 
tions. If the maximal violation of a Bell inequality 
can only be achieved by a unique quantum state 
and set of measurements (up to local isometries), 
a near-optimal violation enables characterization 
of the experimental device. In (6) it was shown 
that the SATWAP inequality can be used to self- 
test the maximally entangled state of two qutrits 
|y3); in particular, using a numerical approach 
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from (39), a lower bound on the state fidelity can 
be obtained from the measured value of 73. In 
(29) we generalize it also for arbitrary qutrit 
states of the form |00) + y|11) + |22) (up to normal- 
ization). In Fig. 4C, we report the experimental self- 
tested lower bounds on the fidelities for different 
values of y = 1, 0.9, and (/Tl — V3)/ 20.792. 
This is made possible by exploiting the capa- 
bility of the device to generate multidimensional 
states with tunable entanglement. In particular, 
y = 1indicates |y;), and y = (Vl — V3)/2 rep- 
resents the state that maximally violates the 
CGLMP inequality (39). We experimentally achieve 
self-tested lower bounds on the fidelities of 
79.9%, 83.2%, and 68.0%, respectively, for the 
three states. Note that the certification of high 
fidelities in a self-testing context is achievable 
only in the presence of near-ideal experimental 
correlations. The measured self-tested fideli- 
ties are comparable with the reported values 
obtained from full tomographies in other exper- 
imental approaches (78, 30). Although our device 
also provides high violations for dimensions 
higher than 3, it remains unknown whether the 
approach based on SATWAP inequalities can 


> 
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I 
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Correlation value 


Bell value 7, 


Dimension 


Fig. 4. Bell violation and self-testing on multidimensional entangled 
states. (A) Measured values of the 2(d — 1) correlators Re[(A/B!)]. 

Dashed boxes indicate theoretical values. (B) Violation of the generalized 
SATWAP Bell-type inequalities for d-dimensional states. Red points are 
experimentally measured |, values. Bell inequalities of the form /4y<Cy are 
here violated, where Cy is the classical LHV bound (dashed line). The 
Tsirelson bound Qzg (Solid line) represents the maximal violation for quantum 
systems. The dotted line represents the threshold above which more than 
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be generalized to self-test states in arbitrary 
dimension (6). 


Multidimensional randomness expansion 


Randomness is a key resource in many practical 
applications. Generating certified randomness, 
however, is a notoriously difficult problem. Quan- 
tum theory, being fundamentally nondeterminis- 
tic, provides a natural solution. The probabilistic 
nature of measurements forms the basis of quan- 
tum random number generators (40). Remarkably, 
quantum theory can go one step further and allows 
a stronger form of certified randomness: Measure- 
ment statistics that exhibit nonlocal correlations 
are necessarily uncertain and contain random- 
ness. This remains true even if some or all of the 
experimental apparatuses used to generate the 
nonlocal correlations are uncharacterized or un- 
trusted (41). That is, the measurement statistics 
are random not only for the user of the devices 
but also for any other party who may have ad- 
ditional knowledge about the devices, such as a 
potential eavesdropper. 

The two scenarios considered here are (i) ran- 
domness certified by Bell inequality violations, 


d=3 
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where two untrusted measuring apparatuses 
are used to generate randomness, providing a 
fully DI certification (47), and (ii) randomness 
certified by EPR steering inequality violations, 
where one trusted and one untrusted measur- 
ing apparatus are used, with randomness gen- 
erated from the untrusted device, providing a 
one-sided DI (1SDD) certification (42). 

The protocol in either case consists of perform- 
ing 7 runs of a Bell or steering test, using a small 
seed of randomness to choose the measurement 
settings in each run. The violation of the corre- 
sponding Bell or steering inequality is then esti- 
mated from the raw data. The randomness of the 
string s of measurement outcomes of the untrusted 
apparatuses is then lower-bounded as a function 
of the observed violation. Because an initial seed 
of randomness is necessary, this process achieves 
randomness expansion as new private randomness 
is generated in the process. The randomness of the 
string s is quantified in terms of min-entropy 
Amin = logy P., where P,. is the predictability of s 
(Le., the probability that it can be correctly guessed). 

To study DI randomness expansion, we use 
violations of the above SATWAP Bell inequalities 
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1 random bit can be extracted per output symbol from Bell correlations. 
(C) DI self-testing of entangled qutrit states (|0O) + y|11) + |22))/./2 + y@ 
for y = 1, 0.9, or 0.792. Self-tested lower bounds on the fidelities to 

ideal states are plotted as a function of the relative violation for more 
clarity. The significant uncertainty of the fidelity value is due to the 
general limited robustness of self-testing protocols. All errors are 
estimated from photon Poissonian statistics; those in (B) are smaller 
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(6), whereas in the ISDI case we use violations of 
the EPR steering inequalities tailored for maximal 
randomness expansion recently introduced in 
(29, 42): 


Ba = > (ale) Tr[M piyP aja) s1l+ 1/Va (3) 
a=b 
xv=y 


where p(qa|x) are the probabilities of Alice’s un- 


characterized measurements; M mo = \k)(k| and 
M yy; = | — £)(—¢\ are the characterized measure- 
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Fig. 5. Certification of multidimensional 
randomness expansion. (A) Multidimensional 
EPR steering is certified by violating the inequality 
By < 1+1/Vd (dashed line). Red points are 
experimentally measured steering values Bg. The 
dotted line denotes the threshold above which 
more than 1 random bit is generated per round 
from steering correlations. (B) Randomness per 
round certified in a one-sided DI scenario by 
d-dimensional steering correlations. (©) Random- 
ness per round certified in a fully DI scenario 

by d-dimensional Bell correlations. Above the 
dashed line in (B) and (C), more than 1 private 
random bit is generated per round. Error bars are 
given by Poissonian statistics; those in (A) are 
smaller than markers. 
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ments of Bob, with |x) corresponding to the 
Z-basis and |2) to the F-basis, defined above; and 
P ae indicates the reduced state for Bob when the 
measurement w is performed on Alice and out- 
come a is obtained. Quantum states can violate 
this inequality and maximally achieve By = 2. 
Figure 5A reports the experimentally measured 
values of Bg up to dimension 15, which display 
violations of the local bound in all dimensions. 
We note that this provides a 1SDI certification of 
the presence of bipartite multidimensional en- 
tanglement between Alice and Bob in all cases (4). 

In the DI setting, the measuring apparatuses 
of Alice and Bob are both untrusted, and the 
string of outcomes s = (a, b), where a and b are 
the lists of data collected by Alice and Bob, 
respectively. In the 1SDI setting, the measuring 
apparatus of Alice is untrusted, and the string 
of outcomes is s = a. [See (29) for details of how 
randomness is certified, as well as the maximal 
theoretical amount of randomness that can be 
certified in each case.] A particularly demanding 
task is the efficient generation of randomness so 
as to generate more than one bit of randomness 
per experimental run (i.e., to achieve Hin > 72). 
For qubits, this is only possible using nonprojec- 
tive measurements (with more than two out- 
comes) (43) or with sequences of measurements 
(44). In contrast, multidimensional entangled 
states provide a natural route based on projective 
measurements. 

In Figs. 4B and 5A, the minimum values of 
Tq and Ba above which more than one bit of 
randomness per run is certified in the DI or ISDI 
setting are shown as a function of dimension 
(yellow regions). Figure 5C shows the random- 
ness associated with the Bell violations shown 
in Fig. 4A. Efficiency Hypin/” > 1 is achieved for 
d=3and 4. The largest amount of randomness 
per run is obtained for d = 4, where Hyyin/2 = 
1.82 + 0.35 random bits. The experimentally 
measured values of Bg are shown in Fig. 5A, and 
the associated randomness is reported in Fig. 5B. 
Here, efficiency Hyji,/”2 > 1 is preserved for the 
range 4: < d < 14, indicating, as expected, stronger 
robustness in the 1SDI case. 


Conclusion 


We have shown how silicon photonics quantum 
technologies have reached the maturity level that 
enables fully on-chip generation, manipulation, 
and analysis of multidimensional quantum sys- 
tems. The achieved complexity of our integrated 
device represents a major step forward for large- 
scale quantum photonic technologies. Note that 
in the experimental tests performed here, the 
detection and locality loopholes were not closed, 
which was not an immediate goal of this work. 
However, the results demonstrate the unprece- 
dented capabilities of multidimensional inte- 
grated quantum photonics, which will enable a 
wide range of practical applications. For exam- 
ple, high-rate, device-independent randomness 
generators can be realized by harnessing the 
abilities of efficient randomness expansion shown 
here, in combination with high-speed on-chip 
state manipulation. As a single-chip proof-of- 


principle demonstration of quantum key distribu- 
tion, we report in (29) that Alice and Bob can 
share high-rate secure keys enabled by the high- 
fidelity control and analysis of the entangled 
qudits. Together with developed techniques for 
phase-coherent chip-to-chip qudit transmission— 
for example, via a multicore optical fiber (45), 
encoding in other degrees of freedom in free space 
(46), or exploiting reference frame-independent 
schemes (47)—our integrated platform can allow 
the development of high-dimensional quantum 
communications. All these possible applications 
can benefit from the monolithic integration of 
high-performance sources, universal operations, 
and detectors (26). Moreover, the scalability of 
silicon quantum photonics can further increase 
system dimensionality and allow the coherent 
control of multiple photons entangled over a large 
number of modes. Our results pave the way for 
the development of advanced multidimensional 
quantum technologies. 
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NANOPHOTONICS 


Probing the ultimate plasmon 
confinement limits with a 
van der Waals heterostructure 


David Alcaraz Iranzo,'* Sébastien Nanot,”?* Eduardo J. C. Dias,” Itai Epstein," 
Cheng Peng,* Dmitri K. Efetov,”* Mark B. Lundeberg,’ Romain Parret,* 
Johann Osmond,' Jin-Yong Hong,* Jing Kong,* Dirk R. Englund,* 


Nuno M. R. Peres,” Frank H. L. Koppens”?+ 


The ability to confine light into tiny spatial dimensions is important for applications such 
as microscopy, sensing, and nanoscale lasers. Although plasmons offer an appealing 
avenue to confine light, Landau damping in metals imposes a trade-off between optical 
field confinement and losses. We show that a graphene-insulator-metal heterostructure can 
overcome that trade-off, and demonstrate plasmon confinement down to the ultimate limit 
of the length scale of one atom. This is achieved through far-field excitation of plasmon 
modes squeezed into an atomically thin hexagonal boron nitride dielectric spacer between 
graphene and metal rods. A theoretical model that takes into account the nonlocal 
optical response of both graphene and metal is used to describe the results. These 
ultraconfined plasmonic modes, addressed with far-field light excitation, enable a route to 
new regimes of ultrastrong light-matter interactions. 


an der Waals heterostructrures are con- 

structed by vertically stacking atomically 

thin materials, selected from a rich palette 

of thousands of materials such as graphene 

(semimetal), hexagonal boron nitride (h-BN, 
dielectric), and transition metal dichalcogenides 
(semiconductors) (7). These are key enablers for 
tailoring electronic, optical, and optoelectronic 
properties (2). The most common heterostructure 
for two-dimensional (2D) electronics is graphene 
encapsulated by h-BN, and recently, this system 
has also emerged as a platform for polaritonics 
(3, 4), with the capability to strongly confine 
plasmon polaritons with a relatively long plasmon 
lifetime exceeding 500 fs at room temperature (5). 
Heterostructures of graphene, h-BN, and metals 
have revealed so-called propagating acoustic plas- 
mons (6-8), in which metal screening confines 
the light in the space between the metal and the 
graphene, and it slows down the plasmon to a 
velocity almost as low as c/300 (with c the speed 
of light) (9). What is then the ultimate limit on 
the confinement of propagating or resonant plas- 
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mons? For bulk metal-based plasmonic systems 
such as tapers (10), grooves (11), metal-insulator- 
semiconductor (72), and metal-insulator-metal 
(13, 14) waveguides, the confinement of prop- 
agating surface plasmon polaritons is limited by 
Landau damping (15). For example, the quality 
factor of plasmonic Fabry-Pérot modes dropped 
below one for a confinement below 15 nm (/4). 
Further enhancement of optical fields to the 
nanometer scale is possible in hotspots (16-18), 
although these are broadband in character. 

We present a graphene-insulator-metal plat- 
form that allows us to realize and probe the ulti- 
mate physical limits of (out-of-plane) confinement 
of propagating plasmons down to the ultimate 
physical boundary of a one-atom-thick layer 
(here, 49/26,000), and without sacrificing damp- 
ing. We take advantage of the fact that plasmons 
in two-dimensional materials are fundamentally 
different from plasmons in bulk metals because 
the restoring force by the long-range Coulomb 
interactions, which are essential for the plasmon 
velocity and confinement, can be controlled by 
tailoring the external environment. For that reason, 
the out-of-plane confinement and wavelength com- 
pression can be increased strongly without suffering 
from Landau damping. We use far-field light to 
couple to these strongly confined plasmons and 
find a vertical mode length down to 0.3 nm, 
whereas higher-order Fabry-Pérot resonances 
reveal that the propagating character of the plas- 
mons is preserved. 

The basic device geometry consists of graph- 
ene as the plasmonic material, encapsulated 
by atomically thin dielectric materials (h-BN 
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or Al,Os) and covered by a metallic rod array 
(Fig. 1A) [details on the fabrication processes 
are provided in (19)]. The advantages of the 
periodic metal-insulator-graphene system are 
twofold. First, the presence of the metal results 
in efficient screening of the graphene plasmons, 
squeezing the so-called screened graphene plas- 
mons (SGPs) into the graphene-metal gap with- 
out reducing their lifetime. Although screening 
and coupling of radiation to plasmons in clas- 
sical 2D electron gases (2DEGs) was previously 
achieved by using grating-gate field-effect- 
transistors in the terahertz range (7), a relatively 
thick barrier layer (~100 nm) prevented the con- 
finement of plasmons to the subnanometer 
limit, as we report here. Second, metal rods fa- 
cilitate efficient coupling between far-field light 
and the strongly confined plasmons, where the 
width of the rods defines the resonant con- 
ditions for the plasmon modes. This approach 
does not require patterning of the graphene 
into nanoribbons or nanodiscs such as for pre- 
vious infrared graphene plasmonic studies with 
far-field light (20, 21). 

The effect of the coupling of far-field light 
into our devices is represented by the field pro- 
files obtained with finite-difference time-domain 
(FDTD) simulations (Fig. 1, B and C). The plas- 
mons are launched at the metal edges, and most 
of the electric field is confined between metal 
and graphene, with virtually no leakage into the 
metal. This confinement arises because the metal 
acts as a nearly perfect conductor that prevents 
most of the field penetration. Because image 
charges are induced in the metal, the plasmon 
mode is analogous to the antisymmetric plas- 
mon mode of two nearby graphene sheets with 
twice the spacer thickness (8), known as acoustic 
plasmons, carrying larger momentum than for 
conventional plasmon resonances in graphene 
ribbons [(19), section 5.7]. Within the dielectric 
gap, the plasmons maintain their propagating 
character and reflect at the edges of the rod, 
forming what appears to be a standing wave 
pattern similar to two coupled Fabry-Pérot reso- 
nators (22). 

Bringing the metal closer will increase the 
plasmon screening, which slows down the plas- 
mons, as previously observed with scattering-type 
scanning near-field optical microscopy (8, 9), and 
also enhances the vertical confinement, as shown 
for two different dielectric spacer materials and 
graphene conductivity models (local and non- 
local) (Fig. 1D). The most extreme case is that of a 
monolayer h-BN spacer, in which in theory the 
vertical plasmon confinement is below 1 nm. The 
calculated width of the resonance [(J9), section 6] 
does not increase when reducing the spacer 
thickness s. Therefore, this platform allows us 
to access the ultimate confinement limits of 
propagating plasmons in two spatial directions: 
out-of-plane confinement defined by s and in- 
plane confinement governed by Ao/Ap. 

The far-field approach presented above allows 
probing of this plasmon confinement by use of 
Fourier transform infrared (FTIR) transmission 
measurements. Gate-dependent, spectral extinction 
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Fig. 1. Device design for prob- 

ing ultimate plasmon confine- A 
ment limits. (A) Graphene is 
encapsulated in a dielectric 
(few-nanometer-thick Al2O3 or 
monolayer h-BN) and covered by 
an array of gold rods. A gate 
voltage Vgc is applied between 
Si and graphene in order to 
control the Fermi energy of the 
graphene Er. (Bottom left inset) 
Schematic cross section of the 
device. (B and C) Simulated 
plasmonic field magnitude B 
profiles for metal-graphene 
separation s of 10 and 1 nm. 

(D) Simulated plasmon 

wavelength 1, as a function of 
metal-graphene spacer s forthe ©¢ 
two materials used in the 
experiments (Ao = 8 um and 

Er = 0.54 eV). The vertical 

dashed line refers to the funda- 
mental limit: a monolayer h-BN 


spacer. Colored circles correspond to the two sets of devices discussed 
in the main text. The dotted lines represent the model where the 

metal was considered as a perfect conductor in combination with the 
local graphene conductivity model. The dash-dotted lines represent the 
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Fig. 2. Resonant excitation of 2-nm confined Fabry-Pérot SGP modes. 
(A) Gate-dependent FTIR extinction spectra referenced to the charge 

neutrality point (CNP) for metal rod width w = 256 nm, gap g = 44 nm, and 
2-nm AlzO3 spacer between graphene and the metal. For increasing Er, the 
resonances increase in intensity and blue shift, and high-order modes become 


(1- T/Tcxp) curves were measured (Fig. 2A) for a 
device with continuous graphene (unpatterned), 
covered with 2 nm Al,O, spacer (s = 2 nm) and 
metallic rods of 256 nm (w = 256 nm). These 
curves are obtained from the transmission curves 
T normalized by the transmission of undoped 
graphene Toyp [at the charge neutrality point 
(CNP)] for several gate voltages (hence, Fermi 
energies E;) [(19), section 2.2] at the same posi- 
tion, with light polarized perpendicular to the 
rod’s long axis. The spectra in Fig. 2A exhibit 
multiple resonances, which become more pro- 
nounced and continuously blue shift with in- 
creasing Fermi energies, thus confirming their 
plasmonic nature. The appearance of multiple 
peaks demonstrates that the incoming light can 
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resonantly couple to several higher-order plas- 
monic modes, in contrast to patterned graphene 
ribbons, as reported previously (27). We found up 
to five visible resonances that can be controlled 
by the spacer thickness and the metallic array 
geometry. 

We corroborated the phenomenon by ex- 
amining the simulated electric field intensity 
profiles at the graphene surface for the same 
geometry as that of the measured device (Fig. 
2B) and the corresponding simulated extinction 
spectra (Fig. 2C). These FTDT simulations [(19), 
section 4] show a good agreement with the 
experiment (for s = 2 nm) in terms of peak shape 
and position by using the local optical response 
of graphene as well as a local metal permittivity 
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nonlocal graphene conductivity model (obtained from the random-phase- 
approximation), but still metal as a perfect conductor. The solid lines 
represent the model where nonlocal optical response for both metal and 
graphene is considered. 
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1800 


visible. (B) Simulation of the electric field intensity at the graphene and 
along x, which is along the short axis of the rods, for the same device geometry 
as in (A), with E- = 0.5 eV. The model considers the local response of the gold 
and the local response of graphene. The color scale is linear. (C) Simulated 
extinction for the device geometry as in (A), and same model as for (B). 


model. The resonances can be related to Fabry- 
Pérot behavior of the propagating SGPs below 
the metal, and the resonance orders m can be 
approximated by half the number of nodes in 
the field profile (Fig. 2B). This observation con- 
firms that resonances up to the seventh order are 
contributing to optical extinction, whereas for 
patterned graphene (21, 23), only very weak second- 
order resonances have been experimentally re- 
ported. We attribute the efficient launching of 
these higher-order resonances to the strong di- 
pole modes at the metal edges [(19), section 9], 
which provide the required momentum to scatter 
light into graphene plasmons. 

To probe the physical limits of SGP confine- 
ment, we studied devices with a metal-graphene 
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Fig. 3. Single mode and Fabry-Pérot SGP modes confined to a mono- 
layer h-BN. (A) Extinction spectra for E¢ ranging from 70 to 540 meV, and 
fixed w = 33 nm, gap g = 37 nm. (B) Extinction spectra for w ranging from 
33 to 212 nm, and fixed g = 38 + 4nm, Er = 540 meV. Dashed lines are guides 
to the eye showing the evolution of each resonance with w. (Inset) Monolayer 
device schematic for data in (A) and (B). (©) Simulated extinction spectra 
where the nonlocal metal effects are accounted for by modeling a perfectly 
conducting metal but an effective thicker 3-nm h-BN spacer. (Inset) Model 
schematic. (D) Plasmon dispersion relation for a (continuous) SiO2/ 


spacer with only one monolayer of chemical vapor 
deposition-grown h-BN of thickness ~0.7 nm 
(24, 25). The extinction spectra were obtained 
for various Ey of a device with w = 33 nm and 
g = 37 nm (Fig. 3A). Even in this case, the SGP 
resonances were still visible, with high extinc- 
tion values. A single plasmon peak was clearly 
visible and blue shifted for increasing Ey while 
hybridizing and anticrossing with SiO. and h-BN 
phonons. This shift with Fermi energy confirms 
that the extinction resonance is due to graphene 
plasmons. 

The propagating character of the SGP modes 
can be assessed by further increasing w, which 
allows us to probe higher-order Fabry-Pérot reso- 
nances. We will show that this measurement is 
equivalent to changing the plasmonic cavity width 
w, which defines the resonant conditions. We 
studied the extinction of several devices with in- 
creasing w and similar gap around g = 40 nm and 
doping of E; = 0.54 eV (Fig. 3B). Additional 
doping dependences of these devices can be found 
in fig. S5. The first-order resonance (Fig. 3B, red 
dashed line) displays hybridization with the 
optical phonons of its dielectric environment 
(as observed for plasmons in graphene nano- 
ribbons) (26). We observed that when increas- 
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ing w, the first-order resonance shifts to lower 
energies and hybridizes not only with the h-BN 
phonons but also with the SiO, phonons. More 
resonances appear with increasing w. For ex- 
ample, for w = 64 nm, a second-order resonance 
appears at 1900 cm (Fig. 3B, blue dashed line), 
which also shifts for larger w and starts hybrid- 
izing when increasing w. For the largest w, the 
third-order (Fig. 3B, purple dashed line) and even 
fourth-order resonances appear for our measure- 
ment range. 

The same trends are seen in the calculated 
spectra (Fig. 3C), obtained from a semi-analytical 
approach, which consists of a Fourier decompo- 
sition of the fields (for transverse magnetic modes) 
in each dielectric region of the system [(19), section 5]. 
In addition, for these very tightly confined op- 
tical fields, one must also take into account that the 
nonlocal optical response of both the metal 
and graphene can have appreciable effects. First 
of all, the in-plane momentum of the graphene 
plasmon is strongly enhanced by the presence 
of the metal and approaches /Vp, graphene, Where 
the momentum dependence of the graphene 
optical conductivity (nonlocal corrections to the 
conductivity) increases (9). These graphene non- 
local corrections are modeled within the frame- 
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graphene/h-BN/metal/air heterostructure. Dotted curves correspond to local 
metal response [with nonzero loss; (19), section 3] and are plotted for h-BN 
thickness of 0.7 nm (green), 1.5 nm (orange), and 3 nm (blue). The solid 
yellow curve corresponds to h-BN thickness of 3 nm (yellow) and modeling 
the metal as perfectly conducting. The blue color gradient represents the loss 
function of the heterostructure for 0.7-nm-thick h-BN with nonlocal metal 
(titanium) and nonlocal graphene response. This illustrates that accounting 
for nonlocality comes down to adding an extra spacer thickness of ~2 nm 
to a model that considers only the local metal response. 


work of the random-phase-approximation (RPA) 
[19), section 5.6]. Second, because of additional 
strong vertical field confinement on the order of 
1 nm, the components of out-of-plane wave vec- 
tors approach /Vy meta Which is the Fermi mo- 
mentum of the charge carriers in the metal (16). 
This trend can lead to additional nonlocal effects 
in the metal, resulting in field penetration into 
the metal. It is therefore relevant to quantify these 
effects in order to determine fundamental limits 
of the vertical field confinement of the propagat- 
ing plasmon. 

Before we discuss a more rigorous treatment 
of the metal nonlocal effects, we provide a qual- 
itative picture (27), in which the nonlocal metal 
permittivity (NMP) was modeled as a dielectric 
shell surrounding a local metal permittivity (LMP) 
bulk material. Applying this model to our system, 
we used a perfect conductor model (with zero 
damping) for the bulk metal, and the thickness 
s of a uniform dielectric spacer was used as a 
fitting parameter. Simulations for this case, with 
an effective dielectric thickness of 3 nm (Fig. 3C), 
show good agreement with the experiment (Fig. 
3B). Even though this result conflicts with the 
estimated spacer thickness (0.7 nm), the nonlocal 
effect can be understood by recognizing that the 
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Fig. 4. Energy density and field confinement. (A and C) Electric field 
magnitude distribution of the plasmons associated to a continuous 
heterostructure of air/Ti/h-BN/graphene/SiOz as a function of h-BN thick- 
ness for (A) LMP model and (C) NMP model. The top and bottom metal 


limits are depicted by blue dashed lines, and grap 


electromagnetic field does penetrate more into 
the metal for smaller s (Fig. 4 and fig. $13), in- 
creasing the effective s. 

The excited plasmon modes associated with 
the extinction peaks in Figs. 2 and 3 can be seen 
as a combination of SGPs under the metal and 
unscreened graphene plasmons in the gap region, 
with their relative contribution depending on 
the geometry. Nevertheless, the calculated field 
profiles in Fig. 1, B and C, and the scaling of the 
plasmon resonance peak energy with w clearly 
show that the electric field (associated with the 
plasmon modes) is mostly confined between the 
metal and the graphene. This confinement is also 
consistent with the observations that the plas- 
mon resonances shift most substantially when 
varying w compared with a change of the gap g 
[(19), section 3] and that the system can be seen 
as a plasmonic crystal (analogous to photonic 
crystals) (22). 

To further explore that a thicker dielectric in 
the LMP model results in nonlocal effects in the 
metal, the dispersion relation of the SGP modes 
is shown in Fig. 3D. The dispersion relation for 
a fully NMP model is offset to higher energies 
as compared with a LMP model, accounting for 
the proper h-BN thickness (0.7 nm) (Fig. 3D, green 
dotted line). Accounting for a thicker dielectric 
spacer used to fit our data (s = 1.5 nm), the dis- 
persion curves shift down and overlap with the 
NMP model. Qualitatively, this is in agreement 
with our findings. An additional shift is expected 
for a periodic structure instead of a continuous 
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one, as calculated in Fig. 3D, because of a small 
coupling between the modes below the rods. 

We can now evaluate the ultimate limit on the 
plasmonic vertical field and mode volume con- 
finement. We have calculated the electric field 
intensity and energy density distribution for dif- 
ferent spacer thicknesses (Fig. 4) and considered 
both LMP and NMP models. We used the defi- 
nitions in section 5 of (19), taking into account 
dispersion effects. Inspecting first the electric field 
magnitude obtained from the LMP model and 
normalized by the maximum of the graphene plas- 
mon (Fig. 4, A and B), we found that most of it 
is confined between the graphene and the metal 
and that the penetration of the field inside the 
metal is negligible. On the other hand, con- 
sidering metal nonlocal effects (NMP model) of- 
fers a more complete picture of the physics of 
the electrons that accumulate at the metal sur- 
face in order to screen the electromagnetic field 
(18). When the out-of-plane wave vector is in- 
creased for thinner spacers, the electrons start 
suffering from Pauli and electrostatic repulsion. 
This effect results in a saturation of the electron 
density and leads to field penetration into the 
metal as the metal screening capability is re- 
duced (28). The penetration of the field into the 
metal becomes considerable for s below 3 nm, 
although the field remains maximum in the spacer 
region. 

This nonlocal field penetration limits the ver- 
tical mode length, which is defined by the ratio 


of the energy density integrated over the out-of- 
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Normalization by the maximum electric field strictly above graphene 
shows the confinement and screening effects. (B and D) Same as (A) and 
(C), respectively, but for energy density. (E) Vertical field confinement 
for both types of dielectrics as a function of the spacer thickness for 
local (dash-dotted lines) and nonlocal (solid lines) metal permittivity. 


plane coordinate z to the maximum of the field 
intensity in the region of the spacer (29, 30) 


L= J un(2)dz (1) 
max Uz(2) 

The energy density distribution (Fig. 4D) peaks 
at the metal surface for a NMP model as a con- 
sequence of charge accumulation and the com- 
bination of high field and permittivity values, 
which is in contrast to the LMP (Fig. 4C). Below a 
certain spacer thickness, the energy density at 
the metal surface becomes larger than the energy 
density in the dielectric region near graphene. At 
this point, the transition of the maximum energy 
density from graphene to the metal dominates 
the vertical mode length (Fig. 4E). The out-of- 
plane confinement is calculated from Eq. 1 and 
the energy density distribution that is shown in 
Fig. 4E. Whereas for LMP the vertical mode 
length can be made arbitrarily small, the non- 
local metal behavior limits the vertical mode length 
to ~0.3 nm. This corresponds to a plasmonic mode 
confinement down to the atomic scale, as con- 
firmed with our experiments. 

These results raise the question: Why is the 
plasmonic mode for s < 1 nm, which substan- 
tially penetrates the metal (because of nonlocal 
response), not overdamped through Landau 
damping? For metals, the strongest confine- 
ment normal to the surface is limited by direct 
excitation of electron-hole pairs (Landau damp- 
ing), which is accounted for by the nonlocal 
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response function (75). A quantitative analysis of 
the metallic nonlocal corrections to the dynamic 
response and damping through the Feibelman 
parameters (J8, 32) revealed that these effects 
are much stronger for approaching @,. For 
@ << @p, the imaginary part of the Feibelman 
parameters approaches zero as the phase space 
for electon-hole excitations decreases with w. 
However, the real part of the Feibleman param- 
eters does remain finite for @ << @p, which means 
that nonlocal effects persist for smaller w, but 
damping contributions vanish. Thus, for our ex- 
perimental conditions (with << @,), the metal 
nonlocal effects are relevant because the electrons 
in the metal cannot perfectly screen the field, but 
the additional damping from electronic excita- 
tions in the metal is weak. 

In terms of ultimate mode volume limit, a re- 
duction of vertical confinement reduces also the 
lateral propagating plasmon wavelength (Fig. 1D). 
Although our experiment discloses the funda- 
mental limits of the vertical mode length of Ao/ 
26,000, it also allows us to estimate the com- 
plete mode volume confinement V,, with respect 
to the volume associated with the extent of the 
free photons Vo = re. If instead of an array (as in 
this work), a single resonant structure (for exam- 
ple, a metal disc on graphene, with a monolayer 
h-BN spacer) was built with our approach, a ver- 
tical mode length down to 0.3 nm and plasmon 
wavelenth i, = 9/170 (Fig. ID) would be attain- 
able, and potentially even smaller A, is possible 
with twisted bilayer graphene (32). Using these 
values (for 49 = 8 pm), which include the full 
nonlocal response for both graphene and me- 
tal, this would correspond to a mode volume of 
V, = 664 nm? and mode volume ratio Vo/Vp = 10°, 
which is at least two orders of magnitude smaller 
than reported so far with graphene nanoribbons 
(20) and sufficiently small to explore new regimes 
of light-matter interactions, such as the ultra- 
strong coupling regime. 

Our results show that 2D-material heterostruc- 
tures can be considered as a powerful toolbox 
for nanophotonics with vertical subnanometer 
precision. In general, patterned metals in the 
vicinity of van der Waals heterostructures do 
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strongly influence the Coulomb interactions, col- 
lective excitations, and even the electronic band 
structure, which proves itself as an exciting plat- 
form for designing novel quantum and topolog- 
ical phenomena. The metallic structure can also 
be used as a nearby efficient gate (7) and provides 
a route to applications such as molecular sensing 
with even higher resolution, to enhance nonlinear 
effects, or to design photodetectors with plasmon- 
enhanced sensitivity and tunability. 
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Capillarity-induced folds fuel 
extreme shape changes in 
thin wicked membranes 


Paul Grandgeorge,’ Natacha Krins,” Aurélie Hourlier-Fargette,»* 
Christel Laberty-Robert,” Sébastien Neukirch,’ Arnaud Antkowiak’** 


Soft deformable materials are needed for applications such as stretchable 
electronics, smart textiles, or soft biomedical devices. However, the design of a 
durable, cost-effective, or biologically compatible version of such a material remains 
challenging. Living animal cells routinely cope with extreme deformations by unfolding 
preformed membrane reservoirs available in the form of microvilli or membrane 

folds. We synthetically mimicked this behavior by creating nanofibrous liquid-infused 
tissues that spontaneously form similar reservoirs through capillarity-induced folding. 
By understanding the physics of membrane buckling within the liquid film, we 
developed proof-of-concept conformable chemical surface treatments and stretchable 
basic electronic circuits. 


eometry is behind the curious mechani- 

cal behavior of the capture silk spun by 

ecribellate spiders: Whether stretched or 

compressed, this fiber remains straight 

while seemingly adjusting its length, as 
if telescopic. In reality, the pulling force caused 
by surface tension allows coiling, spooling, and 
packing of excess fiber within the glue droplets 
decorating the thread. These fiber reservoirs can 
be recruited on demand and give the thread an 
apparent extreme stretchability of +10,000% (2). 
Another example are cells that display a particu- 
lar ability to cope with stretch. Macrophages ex- 
tend their surface area by a factor of 5 to engulf 
large microbes or cellular debris (2), patroling 
T lymphocytes stretch by 40% to squeeze into the 
microvasculature (3), hundreds of micrometer- 
sized neuronal projections extrude from 10-um- 
wide neurons (4, 5), and the osmotic swelling of 
fibroblasts leads to a 70% increase in area (6). 
Such an extreme deformability is all the more 
spectacular given that the lytic stretching level 
at which the plasma membrane ruptures is about 
4% (4, 7). Why do these cells not burst under 
stress? Cells store excess membrane in the form 
of folds and microvilli (8, 9) that can be recruited 
and deployed on demand. These local geometri- 
cal ruffles do not alter the global shape of the 
cell, because cellular tension is preserved with 
the pulling action of the underlying cortical actin 
layer (JO). The considerable deformations that 
biological materials undergo could inspire a new 


generation of synthetic stretchable materials, 
which are in demand for emerging technologies 
such as stretchable electronics (17), flexible bat- 
teries (12), smart textiles (13), biomedical devices, 
tissue engineering, and soft robotics (74, 15). 
Our technique for making synthetic fabrics 
with high stretchability takes advantage of spon- 
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taneously formed membrane folds and ruffles. 
Figure 1 illustrates the key steps in designing such 
an extensible tissue. We first manufacture, using 
an electrospinning technique, a light and free- 
standing nonwoven fabric made of poly(vinylidene 
fluoride-co-hexafluoropropylene) (PVDF-HFP; 
Fig. 1) 6). Without further treatment, this mem- 
brane would show early signs of damage above 
a few percent of extension and would rupture at 
30% area extension. We therefore infuse the 
fibrous membrane with a wetting liquid, so as 
to mimic the pulling action of the cortical actin 
layer with surface tension. The membrane be- 
comes tight while seemingly adjusting its sur- 
face, storing any excess membrane into a venation 
network (visible in Fig. 1 and movie S1), thus 
remaining globally flat. These veins are made of 
membrane ruffles and furrows that can be un- 
folded as required, fueling any imposed shape 
change to the membrane. By buffering excess 
membrane and mediating stretching, these veins 
play the same role as the membrane reservoirs 
in living cells, and we therefore refer to these 
structures as reservoirs. The unfolding process 
is reversible; the membrane reservoirs, after being 
smoothed out upon extension, spontaneously 
reform upon compression. 

To elucidate the mechanics of membrane res- 
ervoir formation, we investigated the inner 
conformation of the membrane within the liquid 
film. Figure 2 presents microscopic views reveal- 
ing that the flat membrane portions are actually 
lightly wrinkled with a wavelength A, whereas 


Fig. 1. Design of the ultrastretchable wicked membrane. (A) A thin fibrous membrane (electrospun 
PVDF-HFP membrane dyed blue) and the corresponding scanning electron microscope micrograph. 
The membrane has a typical thickness of a few micrometers; the fibers composing it have diameters 
around 300 nm. Scale bar, 50 um. (B) The membrane is attached to eight translational supports 
and wicked with 3 cSt silicone oil. (C to E) The eight supports are brought together, but the wicked 
membrane remains globally flat by locally storing excess membrane in apparent veins. (F) A closer 
view of these veins, or membrane reservoirs, which buffer the imposed deformations on the wicked 
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the veins are made up of a stack of folds and both 
the lightly wrinkled and stacked regions are 
sheathed between slightly rippled liquid inter- 
faces (movie S2). We first focus on the emer- 
gence of the lightly wrinkled pattern (Fig. 2B, 
panel b). Wrinkling is a trademark of thin elastic 
sheets, and it develops spontaneously in a variety 
of contexts: pinched skin, shriveling fruits (17), 
brain sulci (78), hanging curtains (19), or, more 
generally, thin sheets under tension (20). This 
elastic instability occurs whenever a compressed 
slender structure is bound to a substrate resist- 
ing deformation. The emerging wavelength A of 
this particular form of buckling therefore results 
from a trade-off between the deformation of the 
membrane and that of the substrate in order to 
minimize global energy. Here, the substrate role 
is played by the liquid film interfaces, which can 
be seen as soft capillary walls confining the mem- 
brane. Experiments revealed that the wavelength 
i is neither particularly sensitive to the interfacial 
tension y, nor to the fibrous membrane thick- 


A Wicked membrane 


Compression 


B Straight 


C Elasto-capillary wrinkles (Z-c=/B/7) D 


h > Lec Hard aay’ walls 


Bending rigidityB 


h ~ Lec Soft capillary walls 


h < Lec No capillary walls 


100% eee 


ness tg, but scales linearly with the liquid film 
thickness h, which is measured by means of co- 
lorimetry (Fig. 2D and figs. S1 and S2) (/6). 

We developed a simple model in which a pe- 
riodic sinusoidal membrane of bending stiffness 
B per unit depth interacts with a liquid film, 
exposing two free interfaces of surface tension y 
(Fig. 2C and figs. S8 and S9) (16). This model 
ignores the effects of gravity on wavelength, 
but gravity only plays an important role in the 
orientation of the wrinkling pattern (16) (figs. 
S16 to S20). Under the constraint of constant 
liquid film volume and imposed compression 
€, we minimize the total energy of the system, 
consisting of the membrane elastic energy 

Ee, = YB\k? ds and the surface energy E, = 27S, 
where « and S respectively denote the local mem- 
brane curvature and the exposed surface of the 
liquid film per unit depth (16). The model reveals 
h/L.- aS a relevant parameter of the system, where 
Lee = (B/y)"” is the elastocapillary length (27). The 
limit 2/L,, << 1 typically corresponds to everyday- 


life soaked fibrous membranes (e.g., wet paper or 
cloth) that sag or buckle globally when compressed, 
irrespective of any surface tension effects (Fig. 2C). 
Conversely, our experiment is characterized by 
values of h/L,., >> 1 for which the microstructure 
differs markedly from that of a common wet fabric: 
Interface energies can no longer be neglected, 
and the membrane now buckles under capillary 
confinement (Fig. 2C). In this regime, the ratio of 
surface energy to elastic energy scales as E,/E. ~ 
(h/Lec)” >> 1; that is, any deformation of the 
liquid surface introduces a strong energetic 
penalty, which means that in-film wrinkling is a 
low-energy configuration. This phenomenon is 
therefore reminiscent of buckling under rigid 
confinement, for which the wavelength A also 
scales linearly with the confinement gap h for a 
given compression ¢€ (22), and this behavior is re- 
covered by our model (Fig. 2D, inset, and fig. $10). 
In contrast to classic buckling under confinement 
(22), the experimentally measured wavelengths 
4 prove to be insensitive to compression. This 


Fig. 2. Mechanics of the wicked membrane: Capillary-driven 
wrinkling and stacking. (A) Polyacrylonitrile (PAN) membrane wicked 
with water and attached to two straight mobile edges. Upon small 
compression, the wicked membrane exhibits a clear wrinkling pattern 
(L = 4 cm). (B) Close-up on the wicked membrane throughout 
compression. At its extended state, the wicked membrane is smooth 
(a) and a small compression generates a wrinkled surface of wavelength 
4 (b). Further compression then leads to a two-phase texture (c). 

One phase corresponds to the wrinkled texture (wavelength 4) and the 
other to a closely packed stack of folds, which gradually expands 
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throughout compression. The whole membrane is packed in this 

stack of folds at the end of compression (d). Scale: 104 = 3.1 mm. 

(C) Physical interpretation of the early wrinkling of the membrane 
inside the liquid film. Depending on the ratio of liquid film thickness 

to elasto-capillary length, h/Lec, three different buckling scenarios 
emerge. (D) Experimental wavelength 4 of the wrinkles observed at 

an early compression stage of the wicked PAN membrane as a function 
of the liquid film thickness h for different membrane thicknesses to 
and wicking liquids. The inset provides the data normalized by the 
elasto-capillary length Le, (16). 
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Fig. 3. Forms and forces for capillary-folded wicked membranes. 
(A) Soap liquid film on a frame. (B) Planar wicked membrane attached 
to two mobile supports. (C) The green curve corresponds to the 

force measurements during the first compression/extension cycle of 

a planar PVDF-HFP wicked membrane whereas the gray curve was 
obtained after imposing 100,000 compression/extension cycles 

on the membrane. The blue dashed line shows the force prediction 

on a planar soap film on a rigid frame; the black dashed line 
corresponds to the theoretical prediction with inextensibility constraint 
(16). (D) Soap liquid catenoid between two parallel circular rings. 

(E) Two states of the catenoid shape adopted by a wicked membrane 
attached to two parallel circular rings. (F) Neck radius of the catenoid 


behavior, not captured by the model, coincides 
with the emergence of a second phase in mechan- 
ical equilibrium with the first wrinkled phase. 
This second phase, corresponding to the mem- 
brane reservoir, consists of tightly stacked folds 
and is therefore characterized by a high mem- 
brane storage capacity (Fig. 2B). The coexistence 
between these phases allows continuous trans- 
fer of material from one phase to another and 
ensures the effectiveness of the wicked mem- 
brane as a stretchable material. 

We next subjected wicked membranes to three 
different elementary deformations correspond- 
ing to the stretching of planar, cylindrically shaped, 
and spherically shaped membranes (movies S3 to 
S5, respectively). The equilibrium shape adopted 
by the wicked membrane in each configuration 
strongly resembles that of a liquid film under the 
same conditions: planar film (Fig. 3B), catenoid 
(Fig. 3E and fig. S5), and bubble (Fig. 3H and fig. 
S6). Once again, this behavior is made apparent 
by realizing that in the limit h/Z,, >> 1, the energy 
of the wicked membrane is dominated by its capil- 
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lary contribution; the equilibrium shapes therefore 
essentially correspond to minimal surfaces. Although 
they differ strongly in longevity, fabrication methods, 
and internal structure, the wicked membranes and 
liquid films therefore present interesting similar- 
ities. Upon closer inspection, however, the shapes 
of the membranes appear to differ from their 
liquid counterparts in some respects. For exam- 
ple, a planar wicked membrane attached on 
only two straight edges adopts a stable shape 
(Fig. 3, A to C), whereas a liquid film in the same 
configuration would burst. To understand this 
stabilization mechanism for membranes, we must 
recognize that some regions of the membrane 
may undergo stretching up to a point where the 
membrane reservoirs are fully exhausted. For 
the thin fibers composing the membrane, pure 
stretching deformations represent a far higher 
energetical cost relative to bending deformations 
(23), and as a first approximation, this sharp en- 
ergetical penalty can be seen as an inextensibility 
constraint. The shapes adopted by the planar 
configuration can therefore be captured with a 
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versus distance between the two rings. The green points represent 
the experimental observation for a wicked membrane. The blue 
dashed line shows the soap liquid solution for the catenoid and the 


the solution for a catenoid with inextensibility 


constraint (16). (G) Soap bubble. (H) Bubble generated by inflating 
a wicked membrane at two different inflating stages. (1) Pressure 
versus radius diagram. Here, the radius of a bubble is defined as 

R = [(3/4n)V]“3, where V is the volume of injected air. The blue 
dashed line represents the theoretical pressure for a soap bubble 


tube of radius Riybe (Laplace's law). The green 


points correspond to the pressure measurements of the wicked 
membrane. Scale bars, 1 cm. 


surface area minimization under isoperimetric 
constraint (16) (figs. S11 to S13). This mixed liquid- 
solid behavior allows stabilization of the catenoid 
shape beyond its classic point of bursting to un- 
veil new equilibria (76) (Fig. 3, D to F, and figs. S14 
and S15), and is also responsible for considerable 
deviations from Laplace’s law in the bubble con- 
figuration (Fig. 3, G to I). Such a hybrid mechani- 
cal behavior is again reminiscent of the response 
of cellular membranes, and indeed, whether for 
lymphocytes, fibroblasts (3, 6), or wicked mem- 
branes (Fig. 3), the mechanical response switches 
from liquid-like to solid-like once all the mem- 
brane reservoirs have been smoothed out. 

The peculiar behavior of our wicked membrane 
stems from its compound nature: Capillarity- 
induced folds allow it to undergo ample shape 
changes while remaining taut, while its solid 
underlying matrix provides mechanical robust- 
ness. Geometrical reorganizations at the micro- 
structural level (reservoir folding or unfolding) 
are key in the mechanics of the wicked mem- 
brane, and in particular they prevent any notable 
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Fig. 4. Conformability and stretchability for 
chemical and electrical functionalization of 
the wicked membrane. (A) Without previous 
treatment (a), a clean zircon bead is dipped 

in a dyed water bath and subsequently pulled 
out. A water film is drawn at the bead surface, 
and because water only partially wets zircon, 
it rapidly disintegrates into droplets. A dry 
hydrophilic PAN membrane (b) is now applied 
on the bead and the experiment is repeated. 
After dipping and extracting the bead around 
10 times, water has percolated through the 
membrane, and the bead is coated with a 
fairly homogeneous dyed water film, the 

PAN membrane adapts to the bead surface 
and secures the water film, thus providing a 
hydrophilic surface treatment. The bead is now 
covered with a silicone oil-wicked PVDF-HFP 
membrane (c), which acts as a water repellent 
coating; when the bead is dipped and pulled 
out of the bath, no water is drawn at its 
surface. Diameter of the zircon bead: 1.5 cm. 


A Surface functionalization ————____$_$_$______ 
After Before After 


Before ; After Before 


a-No membrane 


b - Hydrophilic PAN membrane 


c- Oil-wicked PVDF-HFP membrane 


B Stretchable electronic circuit 


100 nm-thick 
goldpath 
—~4 


Oil-wicked 
PVDF-HFP 
membrane 


(B) Two 100-nm-thick gold strips are affixed to a silicone oil-wicked PVDF-HFP membrane and are connected to a 1.55-V LED. Capillary adhesion 
secures the gold paths to the membrane and in the compressed state, they follow the folding of membrane reservoirs. Electricity runs through this 
elementary circuit when membrane reservoirs are smoothed out upon the reversible factor of 8 extension. Scale bar, 1 cm. 


stretching at the molecular level. This results in 
a marked resistance of this material to fatigue, as 
illustrated by the unvarying mechanical response 
of the membrane after more than 100,000 cycles 
of extension and compression by a factor of 10 
(16) (Fig. 3C and figs. S3 and S4). 

The mechanics of reservoir folding and unfold- 
ing is a priori material-independent, as it relies 
only on acombination of elasticity, capillarity, 
and geometry (see tested polymers in table S1). 
To illustrate a few potential applications, we 
present some proofs of concept in Fig. 4. First, 
we demonstrate how the natural conformability 
of the wicked membrane can be used to confer 
instant chemical functions to nonplanar surfaces. 
As an example, we tune the chemical surface 
properties of a zircon bead. At its native state, the 
bead is dipped and pulled out from a dyed-water 
bath, thus withdrawing a liquid film. Zircon is 
only partially wet by water, and the liquid film 
coating the bead therefore rapidly disintegrates 
into a series of droplets (Fig. 4A, panel a, and 
movie S6). We now cover the bead with a hydro- 
philic (PAN) membrane and repeat the experi- 
ment. As soon as the bead is pulled out from the 
bath, the membrane folds within the drawn liq- 
uid film and therefore adapts to the bead curva- 
ture (Fig. 4A, panel b, and movie $7). Here, the 
membrane acts as an adaptable scaffold that 
secures and stabilizes the liquid film onto the 
bead. Conversely, this strategy can also be used 
to prevent contact between the bead and water: 
If the bead is covered with a silicone oil-wicked 
oleophilic membrane (a PVDF-HFP membrane), 
its surface inherits both the immiscible character 
and low surface energy of oil. After the bead is 
withdrawn from the bath, no water trace remains 
at the bead surface (Fig. 4A, panel c, and movies 
S8 and S9). We now show how stretchability can 
be combined with electrical function (fig. $7). In 
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Fig. 4B, we affix 100-nm-thick gold paths to a 
wicked PVDF-HFP membrane to design an ele- 
mentary electronic circuit. A LED is powered 
through the metallic tracks that follow the de- 
formation of the membrane. When the mem- 
brane is compressed, the tracks are localized in 
the membrane reservoirs. Upon extension, these 
tracks are unfolded, thus exhibiting conductivity 
throughout a factor of 8 extension-compression 
cycle (6) (Fig. 4B and movie S10). 

The use of membrane reservoirs to fuel large 
shape changes is encountered in a variety of 
animal cells. Our results show that capillarity- 
induced folding in thin wicked membranes en- 
dows conventional materials with large effective 
stretchability and conformability, and thereby 
constitutes a promising tool for the design of 
soft deformable materials. 
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of nanoscale diamond 
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Diamonds have substantial hardness and durability, but attempting to deform diamonds usually 
results in brittle fracture. We demonstrate ultralarge, fully reversible elastic deformation 

of nanoscale (~300 nanometers) single-crystalline and polycrystalline diamond needles. For 
single-crystalline diamond, the maximum tensile strains (up to 9%) approached the theoretical 
elastic limit, and the corresponding maximum tensile stress reached ~89 to 98 gigapascals. 
After combining systematic computational simulations and characterization of pre- and 
postdeformation structural features, we ascribe the concurrent high strength and large elastic 
strain to the paucity of defects in the small-volume diamond nanoneedles and to the relatively 
smooth surfaces compared with those of microscale and larger specimens. The discovery 
offers the potential for new applications through optimized design of diamond nanostructure, 
geometry, elastic strains, and physical properties. 


in situ on the diamond nanoneedles inside a 
scanning electron microscope (SEM). We com- 
plemented the experimental studies with de- 
tailed computational simulations involving the 
finite element method (FEM) and molecular 
dynamics to quantify the local tensile and com- 
pressive stress and strain variations and the mecha- 
nisms underlying mechanical deformation. 


iamond, the hardest natural material, is 

notably stiff and durable. It is also a mem- 

ber of the class of carbon materials with a 

multitude of applications in mechanics, bio- 

medicine, electronics, and photonics (J-7). 
Controlled introduction of microstructures can 
further enhance the strength and hardness of 
diamond (8, 9). However, the mechanical charac- 
teristics of diamond are offset by poor deform- 
ability and relatively high brittleness (70). These 
limitations of diamond motivated investigations 
(11, 12) of pathways and mechanisms for inducing 
appreciable or even ultralarge elastic deformation. 
Such efforts with diamond and other nominally 
brittle materials also entail development of new 
methods for elastic strain engineering (73-15) 
whereby engineered band structures and corre- 
sponding enhancements in electronic and optical 
properties (16, 17) can be attained. In this study, 
we demonstrate the occurrence of large, revers- 
ible elastic deformation in nanoscale needles of 
both single-crystalline and polycrystalline dia- 
mond. We investigated key characteristics of 
this reversible elastic deformation through nano- 
mechanical bending experiments conducted 
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We fabricated nanoscale diamond needles by 
plasma-induced etching of diamond thin films 
deposited on Si substrates through bias-assisted 
chemical vapor deposition (5). We controlled the 
shape, size, crystallinity, and density of the nano- 
needles by the appropriate choice of growth and 
etching parameters during deposition. We etched 
the single-crystalline diamond nanoneedles from a 
<111>-oriented diamond film (figs. S1 and S2) (78). 

We mounted the diamond nanoneedles on the 
Si substrate inside a SEM nanoindenter system 
(Fig. 1A) for quantitative in situ nanomechanical 
characterization (Fig. 1B). The downward motion 
of the indenter tip generated a sideward dis- 
placement from the inclined tip surface, thereby 
bending the nanoneedle after contact (Fig. 1, B 
and C). With the use of high-resolution trans- 
mission electron microscope (HRTEM) imaging, 
we found that our needles had a smooth surface 
and a pristine single-crystalline diamond struc- 
ture along the <111> growth orientation aligned 
with the nanoneedle axis (Fig. 1D). The fracture 
mode, when the nanoneedle was bent to failure, 
was brittle, in line with expectations (Fig. 1E). 

We simulated elastic deformation with a FEM 
model using the actual indenter tip and geome- 
try for each individual nanoneedle (18). In FEM 
simulations, we invoked analyses of nonlinear 
elasticity and elastic anisotropy (fig. S3), as well 
as frictional contact between the indenter tip 
and the nanoneedle with friction coefficients 

f between 0.1 and 1.0 (fig. S4). We chose these 
values on the basis of previous observation (19) 


Me 


Brittle fracture surface 


Fig. 1. Experimental setup and nanoneedle characterization. (A and B) SEM micrographs showing (A) 
the relative orientation of the diamond nanoneedles with respect to the indenter tip in the experimental 
configuration and (B) a close-up view of the alignment of the “cube corner” diamond tip of the nanoindenter 
and a freestanding diamond nanoneedle. (C) Schematic representation of the bending deformation 

of the nanoneedles by the indenter tip's downward motion. (D and E) TEM micrographs depicting (D) 
the atomic-scale structure of a pristine diamond nanoneedle sample (inset scale bar, 1 nm) and (E) the 
smooth fracture surface of a fractured nanoneedle. The inset corresponds to the boxed region in (D). 
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that the friction coefficient for diamond on dia- 
mond in low-pressure environments, such as the 
one existing inside the electron microscope, can be 
much larger than that measured in ambient air. 

We found instantaneous full recovery of the 
nanoneedles to their original, undeformed shape 
(Fig. 2) when we retracted the nanoindenter tip 
before the onset of catastrophic fracture. An ex- 
ample of this process is shown in Fig. 2, which 
presents typical results for a single-crystalline 
diamond nanoneedle subjected to bending (Fig. 
2A, Al to A4, and movie S1). The maximum hori- 
zontal deflection (5) of the needle tip in Fig. 2A 
was 442 nm (~19% of the needle’s length) at a 
maximum indentation displacement of 700 nm. 

We conducted experiments with larger inden- 
tation displacements (Fig. 2B, B1 to B3, and 
movie S2). We observed 6 of 464 nm (~20% of 
the needle’s length) (Fig. 2B, B1) at a maximum 
indentation displacement of 734 nm just before 
catastrophic fracture (Fig. 2B, B2 and B3). The 
needle in Fig. 2 had the largest amount of elastic 
bending. The smooth fracture surface (highlighted 
in red in Fig. 2B) indicates that catastrophic fail- 
ure of the nanoneedle occurred immediately after 
elastic deformation by atomic separation along 
preferred crystallographic planes. We confirmed 
this assessment with ex situ TEM observation of 
the fractured nanoneedle (Fig. 1E), which showed 
that the fracture surface was oriented at ~70° 
with respect to the basal plane. This measure- 
ment matches closely with the angle between 
two {111} planes that are known to be the domi- 
nant shear surfaces in single-crystalline diamond 
(20). We found a close overlap between the load- 
ing portion of the force-versus-displacement curve 
(blue curve in Fig. 2C) for the elastic deformation 
illustrated in Fig. 2A and the subsequent reload- 
ing portion of that curve (the portion after com- 
plete unloading) for the same nanoneedle (red 
curve in Fig. 2C) loaded to final fracture as de- 
picted in Fig. 2B. These results indicate fully 
recoverable elastic deformation during repeat 
experiments. The hysteresis exhibited by the 
fully reversible elastic loading-unloading curve 
(Fig. 2C) arises from frictional contact between 
the indenter tip and the nanoneedle. 

Figure 2 shows FEM simulation of deformed 
geometry, along with predictions of the maxi- 
mum principal strain distribution (Fig. 2D) for 
the monocrystalline nanoneedle just before the 
onset of catastrophic fracture for the experimen- 
tal conditions (Fig. 2B, B1). We assumed fof 1.0 
for contact between the indenter tip and the 
needle and Young’s modulus £ of 1100 GPa for 
diamond (J8). We estimated a local maximum 
tensile stress of ~98 GPa from the simulation, 
corresponding to a local (tensile) maximum prin- 
cipal strain of 8.88% on the tension side of the 
bent needle at the maximum indentation displace- 
ment of 734 nm. Our simulation of the bent shape 
of the nanoneedle (Fig. 2D) matches the shape we 
observed experimentally (B1 in Fig. 2B). Our sim- 
ulated 6 of 478 nm matches well with our exper- 
imental observation of 464 nm. We also carried 
out FEM simulation with smaller friction coef- 
ficients, where the local (tensile) maximum prin- 
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Fig. 2. Ultralarge elastic deformation achieved in a single-crystalline nanoneedle. (A) SEM 
micrographs of the bending deformation of a nanoneedle during loading and subsequent full 
recovery after unloading. (B) Subsequent rerun with the same nanoneedle and larger deformation 
to the point of catastrophic fracture (B2 shows the maximum deformation immediately before the 
fracture, B3 shows a moment after the fracture has occurred, and B4 provides a close-up view of the 
smooth fracture surface, with a characteristic angular orientation). (©) Load-displacement curves 
measured by pushing the nanoindenter tip onto the nanoneedle for the fully reversible elastic 
deformation (blue curve) and the final fracture run (red curve). (D) FEM simulation of the bending 
process, reproducing the shape of the bending and showing the local elastic (tensile) maximum 
principal strain (ef!) distribution for the nanoneedle, with the frictional coefficient taken as f = 1.0. 
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Fig. 3. Large elastic deformation achieved in a polycrystalline nanoneedle. (A to C) SEM image 
sequence of bending deformation of a typical polycrystalline nanoneedle, where (B) shows the maximum 
deformation before fracture and (C) shows the nanoneedle immediately after fracture has occurred. 


cipal strain was 8.92% for f= 0.1 and 8.93% for 
f= 0. These simulations confirm that the max- 
imum strain is determined mainly by the extent 
of bending and that it is not sensitive to the 
friction coefficient (fig. S4) or the diamond elastic 
modulus (table S1). The estimated maximum local 
tensile stress, however, does depend on the 
assumed elastic modulus in FEM simulations 
and would be 89 to 98 GPa (table S1) for the case 
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in Fig. 2B, corresponding to the commonly ob- 
served diamond modulus of 1000 to 1100 GPa (0). 

We carried out five repeat experiments on five 
different single-crystalline diamond nanoneedles. 
We observed large, reversible, elastic deformation 
in each case. We loaded three out of five nano- 
needles to the point of fracture. The peak local 
maximum principal strain from FEM simulation 
ranged from ~9 to 4% (Fig. 2B, fig. S5, and movie 
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Fig. 4. Summary of the maximum elastic tensile strains. The results were extracted by FEM analysis 
on the basis of nanoneedle bending experiments, assuming friction coefficient f = 1.0 or 0.1. The data 
from eight experiments with five different single-crystalline samples (final fracture and fully reversible 
runs are shown by red and brown data points, respectively) and four experiments with four different 


polycrystalline samples (shown by cyan circles) are 
higher than the previously reported bulk diamond e 


83) for single-crystal samples loaded to the point 
of fracture. We also carried out additional experi- 
ments by bending the single-crystalline needles 
with sideward indenter tip movement, again achiev- 
ing high tensile strains (fig. S6 and movie S4) (78). 
We performed similar in situ bending experi- 
ments on polycrystalline diamond nanoneedles 
(Fig. 3, figs. S7 and S8, and movies S5 and S6). 
Unlike those in single-crystalline needles, frac- 
ture surfaces in polycrystalline needles were nearly 
parallel to the substrate (Fig. 3C). The local (ten- 
sile) maximum principal strain from FEM simu- 
lation was between 3.51% (f = 1.0) and 3.54% 
(f = 0.1) for the polycrystalline needle, which 
is approximately one-half the average for single 
crystals (18). The single-crystalline diamond nano- 
needles generally achieved a much higher local 
maximum tensile strain than the polycrystal- 
line ones (Fig. 4). For the single-crystalline nano- 
needles, we achieved a mean maximum tensile 
strain of ~6% and a peak maximum tensile strain 
of ~9%. For the polycrystalline nanoneedles, the 
mean maximum tensile strain was ~3.3% and the 
peak maximum tensile strain was 3.5%. These large 
elastic strains are much higher than the previ- 
ously reported bulk diamond elastic limit (27). 
We conducted a hybrid density functional 
theory-molecular dynamics calculation (fig. S9, 
A and B), which showed the ideal maximum ten- 
sile strain to be ~13% along the <111> direction, 
with C-C bond fracture beyond this critical strain 


presented. These large elastic strains are much 
astic limit (shown by the black data point) (21). 


diamond nanoneedles (~9% of the maximum ten- 
sile strain) to the paucity of internal defects and the 
relatively smooth surface (Fig. 1D). The nanoscale 
dimensions of the diamond needles (see the pristine 
single crystal in Fig. 1D) help avoid internal defects 
and improve smoothness, compared with that of 
microscale and macroscale specimens. These factors 
render it more difficult to initiate a surface crack 
at these heterogeneous nucleation sites (18). 

In addition to the maximum elastic tensile 
strains shown in Fig. 4, we extracted the corre- 
sponding maximum elastic compressive strains (up 
to ~10% or more) observed on the compression 
side of each sample (fig. S10) (78). The related local 
maximum compressive stress reaches ~100 to 
110 GPa (with a diamond modulus of 1000 to 
1100 GPa), comparable to the values reported in (22). 

We showed that single-crystalline diamond 
nanoneedles are capable of undergoing large 
elastic bending deformation approaching the 
theoretical elastic strain limit of diamond, with 
the corresponding local stress approaching the 
ideal strength. We demonstrated experimentally 
that single-crystalline needles are simultaneously 
ultrastrong and susceptible to large elastic defor- 
mation, with fully reversible mechanical deform- 
ability of up to a maximum of 9% of elastic tensile 
strain. Shrinking the diamond needles offers 
another pathway for achieving elastic strain en- 
gineering (13-17) of diamond. With a focus on 
physical properties, such as deformation, lattice 


(18). We ascribed the ultrahigh elasticity of the 
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strains, and band structure, diamond could be 


2018 


engineered to enhance the structural and func- 
tional performance of small-volume structures. 
Large elastic deformation in nanoscale diamond 
needles could lead to performance enhancements 
in applications involving bioimaging and biosens- 
ing (7), strain-mediated nanomechanical reso- 
nators (23), drug delivery (7), data storage (24), 
and optomechanical devices (25), as well as ul- 
trastrength nanostructures (13, 14). 
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COLLOIDS 


Five-dimensional imaging of freezing 
emulsions with solute effects 


Dmytro Dedovets,' Cécile Monteux,” Sylvain Deville’* 


The interaction of objects with a moving solidification front is a common feature of many 
industrial and natural processes such as metal processing, the growth of single crystals, 
the cryopreservation of cells, or the formation of sea ice. Interaction of solidification fronts 
with objects leads to different outcomes, from total rejection of the objects to their 
complete engulfment. We imaged the freezing of emulsions in five dimensions (space, time, 
and solute concentration) with confocal microscopy. We showed that the solute induces 
long-range interactions that determine the solidification microstructure. The local increase 
of solute concentration enhances premelting, which controls the engulfment of droplets 
by the front and the evolution of grain boundaries. Freezing emulsions may be a good 
analog of many solidification systems where objects interact with a solidification interface. 


olidification fronts interact with hard or 

soft objects such as particles, bubbles, drop- 

lets, or cells, in three different ways: Ob- 

jects can be engulfed, rejected for some 

time and then encapsulated, or rejected 
for an extended period of time (J). Different out- 
comes are desired, depending on the context. 
Particle-reinforced metal alloys require homo- 
geneous distribution of particles in the matrix, 
and immediate engulfment is therefore preferred 
(2). By contrast, for single-crystal growth, a com- 
plete rejection of impurities is essential (3). The 
rejection of dissolved hydrogen can form gas 
bubbles that are eventually trapped by solidifi- 
cation fronts, becoming a major source of defect 
in many metals and alloys (4). Reproductive 
and red blood cells can be physically damaged 
when engulfed between growing ice crystals 
during cryopreservation procedures (5, 6). The 
processing of porous materials by ice templating 
relies on the complete segregation of particles 
by the solidification front (7). Our ability to con- 
trol the solidification microstructure is essential 
in all these domains. 

The dynamics of interfaces and objects are an 
inherent feature of these phenomena but are 
extremely difficult to observe because of the time 
scale (solidification fronts moving rapidly), spa- 
tial scale (submicrometer objects), and some- 
times, high temperature. In addition, the role 
of solute is often important in these systems, 
from the gas and impurities in metals to the 
additives used in cryopreservation procedures 
or food engineering. Being able to follow in 
situ the concentration of the various phases in 
the presence of objects is crucial yet extremely 
challenging. Direct photometric measurements 
of the solute concentration in thin layers of so- 
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lution during solidification have been reported 
(8), but only in two dimensions (2D), and not in 
the presence of particles. Confocal Raman micro- 
spectroscopy was used to measure the static 
concentration of a cryoprotective agent (9) in 
frozen cells encapsulated in an ice matrix. 
Progress in solidification research has thus 
largely relied on the study of analogs—transparent 
materials that solidify near room temperature— 
by optical microscopy (J0). However, 3D imag- 
ing cannot be performed and chemistry cannot 
be resolved. Thanks to recent progress in x-ray 
computed tomography, we can obtain 3D, time- 
lapse images of the microstructure evolution in 
situ during the solidification of metals (77). The 
volume investigated is nevertheless limited, 
particles can barely be resolved, the temporal 
resolution is not good enough to capture the 
interaction events (72), and quantifying the 
solute concentration in the presence of objects 
is still not possible. It is thus fundamentally 
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difficult to track in situ the development of 3D 
solidification microstructures where objects in- 
teract with a solid/liquid interface (73), even 
more so in the presence of solute effects. 

We studied the solidification process by con- 
focal microscopy, translating a Hele-Shaw cell 
filled with an oil-in-water emulsion at constant 
velocity V through a fixed temperature gradi- 
ent AT (Fig. 1A and movie S1). In this way, the 
solidification front propagates with a velocity V 
through the sample. A typical confocal image of 
the freezing emulsion is shown in Fig. 1B. The 
sulforhodamine B fluorescence served as a local 
proxy for the surfactant concentration (fig. S1). 

We used the droplets’ trajectories to measure 
their velocity in the observation frame, U’, and 
deduce their velocity in the sample frame, U = 
V - U (fig. S2). An example of the variation of 
the droplet velocity U with time (Fig. 2A) shows 
that it reaches a maximum as the droplet ap- 
proaches the solidification front. The droplets 
start being repelled from the front at a distance 
Ly, on the order of 100 um, accelerate up to a 
maximal velocity Ua, of 1.2 um/s, and rapidly 
decelerate as they cross the solidification front 
(Fig. 2B). The droplets are eventually completely 
engulfed and stop moving. The time during 
which the droplets are repelled by the front 
before being engulfed is called the interaction 
time, plotted as a function of interface velocity 
in Fig. 2D. During the interaction time, drop- 
lets are displaced by a large distance, from 2 um 
to more than 100 um (Fig. 2E). 

To understand the origin of the droplet dis- 
placement, we measured the solute concentration 
profile as a function of the distance from the 
solidification front. The solute concentration 
(Fig. 2C) is constant far from the front and then 
progressively increases. The concentration abrupt- 
ly drops as we cross the interface because of the 
low solubility of solute in ice. The droplet starts 
being repelled by the interface at a distance Ly 


| apparent 
droplet velocity U’ 


solute 
gradient 


interface 


grain 
boundary 
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Fig. 1. Cooling stage and typical confocal image of a freezing emulsion. (A) Stage for the 
directional solidification experiment with a Hele-Shaw cell, placed under the objective of the confocal 
microscope. (B) Typical confocal image of the emulsion during freezing (front velocity of 3 m/s, 
temperature gradient of 5°C/mm). The ice is shown in black, the liquid in magenta (see fluorescence 


color bar), and the oil droplets in cyan. 
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close to L,—the distance at which the concen- 
tration of solute increases. This is more apparent 
when we plot L, as a function of L, for several 
front velocities (Fig. 2F), which shows that L, 
increases linearly with L,. 

The presence of a surfactant in the system 
results in driving forces that can displace drop- 
lets over up to hundreds of micrometers from 
the solidification front, on a time scale of tens 
to hundreds of seconds. These results depart 
from the behavior observed and predicted by 
most physical models of the interaction of a par- 
ticle with a solidification front (7) which, in the 
absence of solute, assumed a dominant role of 
thermomolecular forces in the interactions be- 
tween the object and the front (5). However, 
such interactions are only effective over very 
short distances (nanometers). The distances 
measured in this study are several orders of 
magnitude larger. In the presence of a solute 
such as a surfactant, thermomolecular forces 
seem to play a minor role. 
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We suggest that the driving force for the 
motion of the droplets is diffusiophoresis or 
solutal Marangoni effect, which are known to 
induce micrometer-scale motion of droplets or 
particles in gradients of solute concentration 
(14, 15). The droplet velocity increases with the 
gradient of surfactant concentration along the 
« axis (Fig. 2G). Diffusiophoresis is due to a gra- 
dient of osmotic pressure, whereas Marangoni 
flow is due to a gradient of surface tension along 
the droplet surface. In our case, the bulk surfac- 
tant concentration is two orders of magnitude 
above the critical micelle concentration and rises 
by a factor of 3 to 10 near the solidification front. 
Therefore, we expect a weak variation of the 
surfactant monomer concentration and of the 
surface tension along the x axis but a substan- 
tial variation in the concentration of micelles, 
which may lead to a diffusiophoretic motion. 

The long-range interactions between the drop- 
lets and the front have a strong influence on the 
solidification microstructure. When the droplets’ 
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displacement (Fig. 2E) is larger than the inter- 
droplet distance, the droplets form clusters as 
they get engulfed by the front (top of Fig. 2H, 
obtained for a front velocity of 1 um/s). At 2 um/s, 
the interaction time is shorter, and almost no 
aggregates are formed. For a front velocity of 
3 um/s, the displacement of droplets is signif- 
icantly smaller than the mean interdroplet dis- 
tance, which results in the preservation of the 
original spatial distribution of droplets upon so- 
lidification. In all these cases, the droplets are 
engulfed by the growing ice, but the microstruc- 
ture of the solidified sample differs, depending 
on the solidification front velocity. 

Most physical models developed over the past 
60 years to describe the interaction of a particle 
with a solidification front focused on the crite- 
rion of critical particle size for a given velocity 
(or conversely, the critical velocity for a given 
size). The results shown here demonstrate how 
important the dynamics of interactions with the 
solidification front can be. In situations where 


fluorescence 


Distance to the interface (um) 


Fig. 2. Droplets dynamics and solidification microstructures 
(temperature gradient of 5°C/mm). (A) Droplet velocity versus relative 
time. Time zero is when the front edge of the droplet is at the solidification 
front position. (B and C) Droplet velocity (B) and solute concentration 
(C) versus distance to interface, for a solidification front velocity of 3 um/s. 
(D and E) Interaction time (D) and droplet displacement (E) versus 
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Concentration gradient (a.u.) 


interface velocity. The error bars do not exceed the size of the circles. 

(F) L, versus Ly. (G) Droplet velocity versus concentration gradient of 
solute, for a solidification front velocity of 3 um/s. (H) Effect of the droplet 
dynamics and interaction time on the development of solidification 
microstructure. The dashed boxes indicate the same groups of droplets 
before and after passing the interface. 
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the distribution of objects should be retained 
in the solidified microstructure, such as par- 
ticle reinforcements in a metal matrix, the dis- 
placement of objects by the solidification front 
is a much more relevant parameter for under- 
standing and controlling the solidification 
microstructures. 

We investigated the solute redistribution in 
the premelted film at the ice grains boundaries 
and around the droplets after their engulfment. 
Premelting describes the existence of liquid films 
at solid surfaces at temperatures below the bulk 
freezing temperature, a phenomenon common 
to many solids, including ice. Premelting has 
consequences for a wide range of biological, 
geophysical, and technological processes (16), 
such as the heaving of frozen ground (77), glacier 
motion, weathering, material transport through 
ice, using ice core as climate proxies (18), or the 
mobility of particles in solid materials. The driv- 
ing force for melting is a reduction of interfacial 
energy between the particles and the matrix. The 
concentration of impurities or solute that de- 
press the freezing point of the melt can greatly 
enhance the interfacial premelting, which is 
then called solute premelting. Because of their 
small dimensions, imaging premelted films re- 
mains a challenge. 

Confocal microscopy allows in situ, 3D imag- 
ing of the solute redistribution in the solidifying 
sample with a semiquantitative estimation of its 
concentration. In the solidified part of the sam- 
ple, the solute is concentrated in the premelted 
film at the grain boundaries of the ice crystals 
(Fig. 3A, region 1) and around the engulfed oil 
droplets (Fig. 3A, region 2). Because the concen- 
trated solute broadens the thickness of these 
wetting films, they can be observed. 


A 


100um = ; 
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Fig. 3. Solute premelting around the droplet and at the grain 
boundaries. (A) Typical 3D view of the emulsion during freezing. Premelting 
plays a role on the destabilization of thin liquid film (concentrated solute) 
between ice crystals (grain boundaries, region 1), and on the evolution of the 
droplet/ice interface (region 2). (B) String-of-pearls microstructure (solid- 
ification front velocity of 3 um/s, temperature gradient of 15°C/mm) 
similar to that developed in zinc-bismuth (27) (C) and aluminum-bismuth 
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At low solidification front velocities (1 and 
2 um/s), the interface is planar. Increasing the 
interface velocity to 3 um/s (Fig. 3B) results in 
the formation of grain boundaries—periodic liq- 
uid films of concentrated solute. Their number 
and spacing increase with the interface velocity 
(fig. S1). 

The lateral growth of ice crystals results in a 
progressive thinning of the premelted films at 
the grain boundaries, eventually leading to their 
breakup into spherical droplets by an interfacial 
instability (Fig. 3B). These microstructures are 
analogous to those developed in metal alloys 
with a miscibility gap (19) (Fig. 3, C and D). The 
transition from a planar to a cellular front and 
the destabilization of the premelted film into 
droplets depend on both the temperature gra- 
dient and the solidification velocity (Fig. 3E), 
similar to that in metals (20). 

We can capture the instability initiation and 
propagation dynamics (Fig. 3F). The growing 
geometrical instabilities results in the forma- 
tion of side branches that elongate and break 
up into droplets. This process is quite slow, on 
the time scale of tens of seconds, which is a 
result of low interfacial tension between the 
solid and liquid phase. The development of these 
instabilities in 3D (fig. S4) reveals that they ini- 
tiate where the liquid film is the thinnest. This 
instability is analogous to the pinch-off in den- 
drites observed in metal alloy solidification, 
which is driven by capillarity (27). 

The premelted film also plays a critical role 
in the droplet engulfment by the solidification 
front (Fig. 4A). At the approach of the droplet, 
the solidification front bends away from it owing 
to the formation of a pocket of concentrated 
solute, which colligatively depresses the freez- 
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ing point of water. Analytical models predict a 
deflection of the solidification front toward an 
object if the thermal conductivity of the latter 
is lower than that of the melt (22). The thermal 
conductivity of oil (propyl benzoate) is smaller 
than that of water (0.141 W m7! K™! versus 
0.569 W m7! K~) and thus the formation of a 
convex interface is expected, which is what we 
observe in the absence of solute (fig. S5). How- 
ever, in the presence of solute, we observe only 
concave interfaces. The solute is thus able to 
reverse the bending of the front, which indi- 
cates the dominant role of the solute in droplet- 
interface interaction. 

The ice continues to grow over and around 
the droplet, until the latter is completely en- 
gulfed. Three-dimensional imaging (Fig. 4B) 
provides a complete picture of the morpholog- 
ical evolution of the premelted film around the 
droplet. As the solidification proceeds, the solute- 
rich liquid pocket, initially located in front of the 
oil droplet, passes on the opposite side of it— 
away from growing ice. From the fluorescence 
intensity, we obtain semiquantitative informa- 
tion of the evolution of the solute concentration 
in the premelted film around the oil droplet 
(Fig. 4C and fig. S6). We then correlate the 
solute concentration with the thickness of the 
liquid film (Fig. 4D), to reveal the dynamics of 
the process and see how the premelted film 
evolves toward its equilibrium thickness (6 um 
in this case). 

For the droplet size investigated, comet tail- 
shaped segregation patterns were systematically 
observed (Fig. 4E). These observations may be 
a good analog for industrial processes where 
pores and particles can affect the segregation 
pattern (Fig. 4, F to H). Understanding the 
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alloys (19) (D). (E) Stability diagram of the solidification front as a func- 
tion of the temperature gradient and interface velocity. (F) Time-lapse 
sequence of the dynamics of a premelted film instability at a grain 
boundary during freezing. The white arrow indicates the location where 

a second instability is initiated. [Credits: (C) Reprinted from (27) by 
permission from Elsevier; (D) Reprinted from (19) by permission from 
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Fig. 4. Dynamics of premelted films around the droplets and effect 
on the solidification microstructure. (A) Typical interaction between a 
droplet and the solidification front, showing the accumulation of solute and 
its redistribution around the droplet. Horizontal cross section. Sample 
velocity: 2 um/s; temperature gradient: 5°C/mm. (B) Same sequence, but 
in 3D and in vertical cross section. The meniscus formed by the 
solidification front can clearly be observed, as well as the premelted film 
dynamics. Most of the solute is eventually pushed below the crystal. 

(C) Time-lapse evolution of solute concentration ahead and behind the 
droplet. (D) Time-lapse evolution of solute concentration versus film 
thickness. (E) Solute-rich, comet tail-shaped region behind the droplet 


Film thickness (um) 


and corresponding solute concentration profile across the droplet in the 
frozen region. A similar solute segregation has been found in metal alloys 
(F), such as gold segregated around a porosity (28). The plot shows the 
gold concentration across the picture. A solute-rich, comet tail-shaped 
region is observed behind the pore. [Reprinted from (28) by permission 
from Springer Nature] (G) Agglomerates of droplets. The solute-rich 
regions around the droplets are the last regions to solidify. (H) An 
analogous behavior is observed in metals, where this segregation can lead 
to the formation of a secondary phase around objects, such as the 
6(CuAl2) phase in an Al-4.5 weight % Cu alloy formed around alumina 
fibers. [Micrograph courtesy of P. Bystricky and A. Mortensen (29)] 


solute redistribution mechanisms could thus 
be an important step toward a better control 
of the solidification microstructures. 

Solute also plays a critical role in the cryo- 
preservation of red blood cells, platelets, fibro- 
blasts, and reproductive cells (23). Cryoprotection 
agents are now systematically used to improve 
the survival rate. The crystal growth pattern and 
concentration of these agents between the grow- 
ing crystals, along with the cells, affect their 
survival rates (5, 24, 25). Quantitative studies 
of solute concentration during freezing (but with- 
out cells) were done in thin films, by photometric 
measurements (8). However, when the integra- 
tion of concentration is done through the depth 
of the sample, the peak solute concentration 
may be underestimated if the solidification mi- 
crostructure is not homogeneous. Our results 
show that, because of the complex solute con- 
centration and redistribution pathways, 5D 
imaging is required to better estimate the solute 
location and concentration. Our approach may 
lead to a better understanding of the physical 
damages inflicted on cells during the cryopreser- 
vation procedures and optimize such procedures. 

The features observed during the freezing 
of emulsions seem thus to be good analogs of 
many solidification systems. The rapid 3D con- 
focal microscopy imaging, along with the ability 
to map the solute concentration, provides new 
insights into the dynamics and mechanisms 
of solidification in the presence of foreign hard 
(particles) or soft (droplets, bubbles, cells) objects. 
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The approach proposed here is versatile and 
can be easily adapted to a variety of solidification 
systems, from geophysics to food engineering 
or biology. We expect confocal microscopy to be 
a welcome addition to the toolbox available for 
the studies of interfacial evolution problems in 
3D (26). 
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Recurrences in an isolated quantum 


many-body system 
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Mohammadamin Tajik,’ Jérg Schmiedmayer't+ 


The complexity of interacting quantum many-body systems leads to exceedingly long 
recurrence times of the initial quantum state for all but the smallest systems. For 
large systems, one cannot probe the full quantum state in all its details. Thus, 
experimentally, recurrences can only be determined on the level of the accessible 
observables. Realizing a commensurate spectrum of collective excitations in 
one-dimensional superfluids, we demonstrate recurrences of coherence and long-range 
order in an interacting quantum many-body system containing thousands of particles. 
Our findings will enable the study of the coherent dynamics of large quantum 

systems even after they have reached a transient thermal-like state. 


he expectation that a nonequilibrium sys- 

tem evolves toward thermal equilibrium is 

deeply rooted in our daily experience and is 

one of the foundations of statistical mechan- 

ics (1). However, as formulated by Poincaré 
and Zermelo, a finite isolated physical system will 
recur arbitrarily close to its initial state after a 
sufficiently long but finite time (2, 3). The re- 
conciliation of these seemingly contradicting 
statements is at the heart of the emergence of 
irreversible processes from reversible micro- 
scopic mechanics (4). 

The above discussion can be transferred to 
the quantum domain. In analogy to Boltzmann’s 
conjecture, von Neumann formulated a quasi- 
ergodic theorem for the evolution of the wave 
function (5), and the equilibration of isolated 
quantum systems grew into an active field of re- 
search (6). However, a general recurrence theorem 
can be proven in quantum mechanics as well 
(7, 8) and shows explicitly that the wave function 
returns arbitrarily close to its initial state. Exper- 
imentally, recurrent behavior has been observed 
only in small quantum systems. Examples are 
the revival dynamics in the Jaynes-Cummings 
model (9) or few interacting atoms in isolated 
sites of an optical lattice (10, 11). These studies 
accomplished coherent dynamics over long times 
and thereby revealed properties of the underly- 
ing Hamiltonian spectrum. Enabling recurrent 
behavior in more complex quantum many-body 
systems opens a window into their long-term 
coherent evolution by providing a strong measur- 
able signal at times far beyond the initial relax- 
ation. Further, it is of fundamental interest as it 
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provides insight into the emergence of statistical 
ensembles from coherent unitary evolution. 

For larger systems, however, it becomes ex- 
ponentially difficult to observe the eigenstates 
directly, and the complexity of the spectrum of 
eigenstates leads to exceedingly long recurrence 
times, in general prohibiting their observation. 
Nevertheless, for a large class of systems, the es- 
sential dynamical features can be described 
by effective field theories with a much simpler 
structure (72, 13). This reflects the distinction be- 
tween relevant and irrelevant operators in the 
microscopic model and sharply reduces the com- 


Fig. 1. Schematics of 
the experiment and the 
measurement process. 
(A) Two coupled 1D 
superfluids Wi2) ina 
double-well potential are 
taken out of equilibrium 
by a sudden quench 

of the tunneling coupling 
J to zero. Along the 
longitudinal direction z, 
the system is confined 

to a box-shaped potential 
of variable length L. 

(B) The evolution of 

the decoupled system 

is measured through 
matter-wave interference 
in time-of-flight. A typical 
interference picture 
showing the atomic den- 
sity n is given. A sinusoi- 
dal function is fitted to 
the local interference 
fringes for each position z. 
On the left, we show an 
example of such a fit 


plexity of the problem from a large number of 
constituents to a much smaller number of pop- 
ulated modes. Within this level of description, 
quantum recurrences manifest through the re- 
turn of observables dominated by these modes. 
Designing the whole system such that the col- 
lective excitations follow a simple commensurate 
spectrum makes the observation of recurrences 
feasible, even for many-body systems containing 
thousands of interacting particles. 

Ultracold gases (/4) are an ideal starting point 
for studying these fundamental phenomena as 
they can be well isolated from the environment, 
and excellent tools are available to prepare, manip- 
ulate, and probe them. 

As a model system, we study coherence in one- 
dimensional (1D) superfluids. In a first approxi- 
mation, the corresponding many-body physics 
can be mapped to an effective low-energy de- 
scription: a bosonic Luttinger liquid (75-78) where 
the collective excitations are free phonons. These 
phonons are directly related to the phase fluc- 
tuations observed in the interference of two 1D 
superfluids (79). 

The dephasing of these collective phononic 
excitations leads to a loss of coherence and long- 
range order, proceeding in a light-cone-like fash- 
ion (20-23). Whereas the fully dephased state is 
described by a generalized Gibbs ensemble (24), 
the long time behavior crucially depends on the 
spectrum of the collective phononic modes. In a 
harmonic longitudinal confinement with trap fre- 
quency ,, these phonon frequencies are non- 
commensurate: 0; = @:,/3(j + 1)/2 (25), with 
j being the mode index. If the atoms are confined 


(red) for one slice (blue), indicated by the dashed line in the image; the x coordinate being the spatial 
direction of the double-well separation. These fits give access to the spatially resolved relative phase 
(Z) = 0;(Z) — 82(z) between the two superfluids (bottom). 
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Fig. 2. Dynamics after decou- 
pling. (A) Temporal evolution of 
the phase correlation function 
C(z,t) after decoupling in a 
49-um-long box potential. 

(B) A cut at Z, = 27.3 um, with 
the error bars giving the 68% 
confidence interval obtained 
from a bootstrap. The first and 
second recurrences are clearly 
visible and occur at the expected 
times tree = L/c and 2trec, aS 
indicated by the vertical blue and 
red bars, respectively. The dis- 
tance Z, is chosen such that it is 
considerably smaller than the 
size of the system but long 
enough that the correlations 
after the initial dephasing 

are low; this is to facilitate a high 
recurrence visibility. The inset 
shows the phase correlation 
function at the first (blue) and 
second (red) recurrence and 
compares them to the correla- 
tions in between the recurrences 
(green) and the correlations in 
the initial state (orange). The 
corresponding points in (B) are 
colored accordingly. A thermal fit 
to the correlations in between 
the recurrences is given by the 
solid black line. (©) Evolution of 
the coherence factor (cos(@)) in 
the center of the trap at z = 0, 0 
showing no sign of a recurrence 

(see main text for details). Owing 


10 20 30 40 50 60 
t (ms) 


to the near homogeneity of the system, the behavior is similar over the whole sample. Therefore, in 
contrast to the phase correlation function, the averaged interference picture shows no recurrent 
behavior, as shown in the inset (integrated along the z axis). 


to a box-shaped trap, the phonon frequencies be- 
come commensurate with w;°<j, and recurrences 
should be observable at short times (26). 

We implement a boxlike confinement in an 
atom chip double-well setup (27) by adding hard 
walls to the very weak longitudinal harmonic 
confinement with the help of a blue-detuned op- 
tical dipole potential (28). To observe recurrent 
dynamics, we prepare a thermal equilibrium state 
in a coupled double-well potential (29). Typical 
samples have a linear density of about 70 atoms 
per micrometer and, depending on the box size, 
between 2300 and 4800 atoms in each well, result- 
ing in an interaction energy per atom close to 
1 kHz. The tunneling coupling J is tuned to a 
regime where the phases 0,5 of the two super- 
fluids lock, creating a system with a strongly corre- 
lated relative phase field(@ = 6, — ®,,such that 
(cos(@)) = 1. To initiate the nonequilibrium dy- 
namics, the coupling is rapidly ramped to zero, 
leaving the two gases to evolve independently 
(Fig. 1). 

We observe the subsequent dynamics by matter- 
wave interferometry (27), which gives direct ac- 
cess to the spatially resolved relative phase ~(z) 
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between the two superfluids. To study the co- 
herence and long-range order, we evaluate the 
two-point correlation function (23) 


C(z = |z —2"|) = (cos(p(z) — (z’))) (1) 


with the expectation value taken over many ex- 
perimental realizations. Further, we average over 
all points z, z’ within the central part of the clouds 
that fulfill = |z — 2’|. 

A typical temporal evolution of the phase 
correlations in a box trap of length L = 49 um 
is shown in Fig. 2A. Before the quench at t = 0, 
the relative phase between the superfluids is 
locked and correlations are close to unity over 
the whole sample. Immediately after decoupling, 
this long-range order decays, reflecting the de- 
phasing of the collective excitations. At the first 
minimum in Fig. 2B, the initial state is com- 
pletely dephased, and the system is indistin- 
guishable from a thermal state (see inset). For 
a system with incommensurately spaced modes, 
this dephased state persists for a long time, show- 
ing the emergence of statistical properties from 
the unitary quantum evolution (22). In our sys- 


tem, however, mode frequencies are designed to 
be commensurate, and two partial recurrences 
of phase coherence are clearly visible in the sub- 
sequent evolution. 

To understand the recurrence time, we need to 
look at the dispersion relation of excitations. For 
a perfect hard-wall box confinement, oj = $J, 
where c is the speed of sound and j is the mode 
index (28). These modes are not only commen- 
surate but also equally spaced, facilitating a re- 
currence at the earliest possible time ¢ = 38 = 2, 
with Aq being the energy spacing between the 
modes. At this time, the lowest-lying mode has 
finished a full rotation whereas the higher-energy 
modes have all performed an integer number of 
turns, bringing all excitations back to their initial 
configuration. Half-way to this full recurrence, 
the system rephases to the mirrored initial state. 
As we initially start from a nearly flat relative 
phase profile and our observable C (Eq. 1) is in- 
sensitive to the transformation ~(z)— (—z), this 
point is equivalent to the full recurrence. There- 
fore, the expected recurrence time for the corre- 
lations is given by tree = £ (blue and red bars in 
Fig. 2B), which agrees well with the observed 
peaks in coherence. 

Although two-point correlations return close 
to the initial state, the relative phase field does 
not recur. The time evolution of the coherence 
factor (cos(@)) shows no recurrence (Fig. 2C). It 
relaxes during the initial dephasing dynamics and 
stays close to zero from then on. This is equivalent 
to observing that the ensemble-averaged inter- 
ference picture shows no revival of high-contrast 
fringes (Fig. 2C, inset). At the time of the recur- 
rences, the interference fringes return close to 
their straight initial state, displaying long-range 
coherence throughout the system; however, for 
each distinct realization, they are shifted by a 
random global phase. The reason behind this 
global phase is a small random atom number 
imbalance between the two wells. This imbalance 
originates from the thermal fluctuations of the 
initial state, imperfections in the experiment, and 
quantum noise relevant for lower temperatures. 
It leads to an inevitable population of the k = 0 
mode (30), resulting in a global phase accumu- 
lation that is different for each realization, and 
therefore to vanishing interference contrast in the 
ensemble average. In contrast, the phase correla- 
tions (Eq. 1) are insensitive to a global offset of the 
phase (z), and the recurrences of excitations on 
top of the field can be observed. This illustrates 
that recurrent behavior can be hidden below a 
global phase diffusion, which necessitates the 
measurement of, at least, two-point correlations 
to reveal the underlying coherent dynamics. 

To confirm the scaling of the recurrence time 
with the size of the system, we vary the length of 
the box potential by changing the position of the 
dipole trap walls. As the system size is increased, 
the recurrence is shifted to later times (Fig. 3A). 
For this comparison, the time axis was rescaled 
by the theoretical prediction for the speed of sound 
(28) to make measurements with slightly different 
atomic densities comparable. Extracting the exact 
times of the first and second recurrence by fitting 
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the peaks in the data (28) reveals the linear scal- 
ing with L (Fig. 3B). 

Although the first two recurrences are clearly 
visible, for all these measurements, the height of 
the recurrences is rapidly damped (see Fig. 2, A 
and B), and observing a third recurrence becomes 
infeasible in most cases. To probe the recurrence 
decay in more detail, we studied the evolution for 
different initial temperatures in the L = 49 um 
trap. Increasing the initial temperature, the 
height of the observed recurrence with respect 
to the correlations of the initial state decreases 
rapidly (Fig. 4). The temperatures for this anal- 
ysis are extracted from the full distribution 
functions of interference contrasts (37) for the 
completely dephased state in between the recur- 
rences (28). 

To understand the origin of this damping with 
temperature, we considered different theoretical 
descriptions of our system. We first investigated 
the low-energy effective description by solving 
the Luttinger liquid Hamiltonian (dashed lines 
in Fig. 4). This model describes the free propa- 
gation of phononic excitations on top of a sta- 
tionary background density. For a homogeneous 
background, it would give perfect recurrences of 
phase coherence. For the comparison to the ex- 
perimental data, we consider an inhomogeneous 
background density that reflects our boxlike po- 
tential. In addition, we took into account the 
typical spread in total particle number and par- 
ticle number imbalance between the wells, mea- 
sured independently for the respective samples 
(28). The shot-to-shot fluctuations of the speed of 
sound induced by this spread together with the 
inhomogeneous background density constitute 
the only source of damping within the model. Al- 
though the recurrence times are well described, 
as seen in Fig. 3B, the damping in this descrip- 
tion is too weak to explain the experimental ob- 
servations even for the lowest temperatures. 

As a second model (solid lines in Fig. 4), we nu- 
merically simulated the dynamics using the Gross- 
Pitaevskii equation (GPE) for finite-temperature 
initial states (28). This description goes beyond 
the free phononic excitations of the Luttinger 
liquid and takes interactions between these quasi- 
particles into account. It agrees well with our 
experimental findings (Fig. 4). Together with the 
failure of the Luttinger liquid model, this agree- 
ment shows that physics beyond the low-energy 
description becomes relevant and indicates that 
phonon-phonon interactions are responsible for 
the observed damping. As the temperature is 
increased, these processes become more impor- 
tant as higher-energy modes are populated. 

This study illustrates that the observation of re- 
currences enables insight into the nonequilibrium 
dynamics of quantum many-body systems (32). 
Their shape and magnitude are sensitive probes 
into coherent dynamics far beyond the time scales 
of the initial relaxation. This feature makes them 
aversatile tool for the verification of coherence in 
quantum simulators and to test the regimes of va- 
lidity for approximate models. Moreover, the long 
coherent evolution probed through recurrences 
magnifies the effects of small perturbations whose 
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Fig. 3. Comparison of the recurrences for different box lengths. (A) Phase correlations for three 
different box lengths L = 38,49, and 60 um (top to bottom). The time axis is rescaled with the theoretical 
prediction for the speed of sound c. (B) Recurrence time over the box length extracted from the phase 
correlations at Z, = 27.3 um (28). For each box length, the time of the first (blue) and second (red) 
recurrence is plotted and compared to the ideal linear scaling (dashed lines). The error bars give the 
68% confidence interval obtained from a bootstrap, whereas the shaded bars indicate the predictions 

of the Luttinger liquid model for our particular trap (28). The vertical extension of the bars corresponds to 
the uncertainty of the decoupling time, whereas the horizontal extension is chosen arbitrarily. 
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Fig. 4. Temperature dependence of the recurrence height. The data points represent measure- 
ments of the height Hrec of the first (blue) and second (red) recurrence in a box of length L = 49 um 
for different effective temperatures Tar. The height is extracted from fitting the peaks of the 
correlation function at Z- = 27.3 um and the error bars give the 68% confidence interval obtained 
from a bootstrap. A fit of the full distribution function of measured interference contrasts at t = treo /2 
gives the effective temperature. The solid lines are results of GPE simulations analyzed in the same 
way as the experiment. The shaded area indicates the uncertainty caused by the limited experimental 
statistics (lo deviation). The dashed lines are the predictions of the Luttinger liquid model for the 
experimental parameters (28). The experimental shot-to-shot fluctuations of the atom number 

as well as the inhomogeneous confinement are incorporated in both theoretical calculations and 
constitute the only source of damping in the Luttinger liquid model. 
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influence on the short-term dynamics is negligi- 
ble. In our model case, the decay of recurrences 
clearly shows that physics beyond the Luttinger 
liquid model sets in rather fast. A combined study 
looking at recurrences and mode occupations will 
shed light onto the fundamental quantum pro- 
cesses in the relaxation of 1D systems. 
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EXTINCTION 


Body size downgrading of mammals 
over the late Quaternary 


Felisa A. Smith,’* Rosemary E. Elliott Smith,” S. Kathleen Lyons, Jonathan L. Payne* 


Since the late Pleistocene, large-bodied mammals have been extirpated from much of 
Earth. Although all habitable continents once harbored giant mammals, the few remaining 
species are largely confined to Africa. This decline is coincident with the global expansion 
of hominins over the late Quaternary. Here, we quantify mammalian extinction selectivity, 
continental body size distributions, and taxonomic diversity over five time periods 
spanning the past 125,000 years and stretching approximately 200 years into the future. 
We demonstrate that size-selective extinction was already under way in the oldest interval 
and occurred on all continents, within all trophic modes, and across all time intervals. 
Moreover, the degree of selectivity was unprecedented in 65 million years of mammalian 
evolution. The distinctive selectivity signature implicates hominin activity as a primary 
driver of taxonomic losses and ecosystem homogenization. Because megafauna have 

a disproportionate influence on ecosystem structure and function, past and present body 
size downgrading is reshaping Earth’s biosphere. 


ild mammals are in decline globally be- 

cause of a lethal combination of human- 

mediated threats, including hunting, 

introduced predators, and habitat modi- 

fication (1-5). Extinction risk is particu- 
larly acute for the largest mammals, which are 
more frequently in conflict with humans (J, 6). 
The ongoing extirpation of large-bodied mam- 
mals is a major conservation concern because 
their decline can lead to the loss of ecological 
function within communities (3, 5, 7). Megafauna 
have crucial direct and indirect impacts on vege- 
tation structure, biogeochemical cycling, ecolog- 
ical interactions, and climate (7-10). Although the 
current extinction rate is higher than earlier in the 
Cenozoic (4), the ongoing biodiversity crisis may 
be an acceleration of a long-term trend over the 
late Quaternary. For example, a striking feature of 
the Pleistocene was the abundance and diversity 
of extremely large mammals such as the mam- 
moth, giant ground sloth, wooly rhinoceros, and 
sabretooth tiger on all habitable continents. The 
debate about the causes of the terminal Pleisto- 
cene megafauna extinction has been long and 
acrimonious, with particular controversy surround- 
ing the role of humans (J7-13). 

Multiple hominins—including at a minimum 
Neandertals, Denisovans, and archaic/modern 
humans—have been part of ecosystems through- 
out the late Pleistocene. Genetic analyses reveal a 
complicated history, with substantial admixture 
between populations (74). Anthropologists remain 
divided about the routes, exact timing, and num- 
ber of early migrations from Africa (14-18), but 
several hominin species were probably widespread 
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across Africa and Eurasia around 80 thousand to 
60 thousand years (ka) ago (15-17). Further ex- 
pansion followed, with modern Homo sapiens 
reaching Australia ~60 to 50 ka ago and crossing 
into the Americas ~15 to 13 ka ago (15). Migrations 
were likely driven or facilitated by climatic factors 
(17, 18) and were followed by rapid increases in 
population sizes (17, 19). For example, hominin 
populations in western Europe increased 10-fold 
by the Neandertal-to-Modern human transi- 
tion ~40 ka ago (19). Middle to Upper Paleolithic 
hominins were hunters who lived in groups and 
used both tools and fire (20); thus, it is plausible 
that their activities and rapid population growth 
influenced mammal biodiversity well before the 
terminal Pleistocene. 

We investigated the influence of these emerging 
and increasingly sophisticated hominin predators 
on continental and global mammalian biodiversity 
over the late Quaternary (27). Ongoing biodiversity 
loss is robustly linked to human activities (7-5); 
and previous work linked extinction risk over 
the Holocene, terminal Pleistocene, and end- 
Pleistocene to human activities (4, 6, 11-13, 22-25); 
but earlier influences remain poorly characterized. 
Although recent work on paleodemography exists 
for H. sapiens over the late Pleistocene and Hol- 
ocene (17), a lack of data for other hominins pre- 
cludes direct comparison of mammalian extinction 
risk over time against hominin population density. 
However, should we find significant differences 
between the pattern of late Quaternary extinction 
selectivity and the rest of the Cenozoic mammal 
record, this would strongly suggest a role of 
hominin activity (13, 24, 25). 

We used two data sets to test the potential role 
of hominin activity on extinction selectivity, mam- 
malian body size distributions, and patterns of 
biodiversity over time and into the future (27). 
First, we updated a spatially explicit global record 
of body size and trophic mode for nonvolant, ter- 
restrial mammals for the late Quaternary (MOM). 
Second, we constructed a global data set of Ce- 


nozoic mammals with associated stratigraphic 
duration, body mass, and trophic mode. We cat- 
egorized late Quaternary extinctions into five 
temporal bins: late Pleistocene (125 to 70 ka ago), 
which corresponded with the initial waves of mi- 
gration of hominins out of Africa; end Pleistocene 
(70 to 20 ka ago), which represented the continued 
expansion of hominins into Eurasia and the col- 
onization of Australasia; terminal Pleistocene 
(20 to 10 ka ago), which encompassed the migra- 
tion of humans into the Americas; Holocene 
(10 to 0 ka ago), which represented further expan- 
sion of humans throughout the globe; and future 
(~+0.2 ka), where we assumed that all currently 
threatened mammals become extinct (27). We 
binned the Cenozoic fossil data set into intervals 
of 1 million years (Ma) as a reference standard 
and computed temperature metrics for each bin 
(21). For each time interval, we characterized the 
size selectivity of extinction using logistic regres- 
sion and examined overall body size distribution 
and trophic guild structure (tables $1 to $7) (2). 
For the late Quaternary, we also characterized 
size selectivity by continent and trophic level. 

Our analyses demonstrated a striking and sig- 
nificantly size-biased pattern of mammalian ex- 
tinction over the late Quaternary, distinct in the 
Cenozoic record (Figs. 1 to 3 and fig. S1). We found 
a mass difference of two to three orders of mag- 
nitude between victims and survivors of late 
Quaternary extinction intervals (Fig. 2A and table 
S81), reflecting a significant association between 
size and extinction probability (Fig. 2B and 
table S5). This size bias occurred on each conti- 
nent (Fig. 2, C and D) and within each major 
trophic group (Fig. 2, E and F), with the mag- 
nitude of the size difference and the statistical 
measure of size selectivity decreasing between 
the Pleistocene and Holocene (Fig. 2, A to F). 
The reduced selectivity of the Holocene and fu- 
ture extinctions likely reflects changes in the 
nature of threats. Today, many smaller-bodied 
animals are vulnerable because of habitat alter- 
ation, introduced predators, or urbanization 
(5-7, 11, 26). 

Comparison of extinctions across the entirety 
of the Cenozoic demonstrated that body mass 
was rarely significantly associated with the prob- 
ability of extinction before the late Pleistocene 
(Figs. 1 and 3, E and F), and further, size differ- 
ences between victims and survivors never 
approached those observed in the Pleistocene 
(tables S1 and S3). There was a preferential loss 
of small-bodied species in the Oligocene that is 
perhaps linked to expansion of grasslands and 
prairies (~29 Ma ago) (Fig. 3E), although this 
value had high uncertainty. However, no interval 
over the past 65 Ma was as selective as the late 
Quaternary. Moreover, climate change did not in- 
crease extinction risk for large-bodied mammals 
before the spread of hominins. We found no re- 
lationship between temperature change over the 
Cenozoic and size bias of extinction; neither 
small nor large mammals were more vulnerable 
to extinction during times of high climate varia- 
bility (table S3 and fig. S4). The probability that 
the late Pleistocene and Cenozoic selectivity 
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coefficients came from the same distribution was 
very low (P < 0.001), given either log likelihood or 
nonparametric tests (fig. S3). Moreover, grouped 
as a single extinction event (as they would appear 
to a future paleontologist), the Quaternary extinc- 
tion pulse was by far the most selective episode 
of extinction in the Cenozoic (Fig. 1). Such pro- 
nounced size selectivity is highly unusual in other 
fossil records; larger-bodied vertebrates and mol- 
lusks did not experience increased extinction 
risk over the Cenozoic or during the five mass 
extinction events (27). Because a reported signa- 
ture of human hunting is size selectivity (24, 25), 
our results are consistent with the hypothesis 
that hominin activities contributed to extinc- 
tions long before the terminal Pleistocene. 
The late Quaternary biodiversity losses led to 
dramatic, time-transgressive shifts in both mean 
and maximum body mass on each continent 
(Fig. 3), which followed hominin dispersal pat- 
terns (15) and began much earlier than previ- 
ously suspected. Because body size distributions 
are related to the size of the landmass (28), the 
largest average or maximum body mass would 
be expected on Eurasia, followed by Africa, then 
North and South America, and the smallest on 
Australia. This expectation was largely met in the 
late Pleistocene (Fig. 3), but Africa was a notable 
outlier, with a mean body mass ~50% less than 
that of Eurasia or the Americas before 125 ka ago 
(table S1). We hypothesize that the late Pleisto- 
cene size distribution in Africa reflects the long 
prehistory of hominin-mammal interactions 
(29). This finding suggests that the homogeniza- 
tion of natural ecosystems was a consequence of 
hominin behavior in general and not specific to 
H. sapiens. Over the following ~100 ka, mean 
body mass dropped dramatically—first by 50% 
in Eurasia, and then by an order of magnitude in 
Australia—while remaining largely unchanged in 
the Americas until the terminal Pleistocene. Thus, 
for most of the late Quaternary, mean and max- 
imum body masses were larger in the Americas 
than elsewhere—a pattern largely exceptional in 
the mammalian fossil record (Fig. 3 and table S1) 
(28). By the terminal Pleistocene, other hominin 
species were extinct, and the remaining H. sapiens 
had developed efficient long-range weapons (J7). 
The latter likely contributed to the severity of the 
extinction in the New World (Fig. 1), with 11.5 
and 9.7% of nonvolant terrestrial species lost in 
North and South America, respectively (tables 
S1 and S82). The loss of biodiversity resulted in a 
greater than 10-fold drop in both mean and max- 
imum body mass, which was a steeper decline 
than elsewhere (Fig. 3, B and D). For example, 
mean mass of nonvolant terrestrial mammals in 
North America fell from 98.0 to 7.6 kg (table S1). 
Future extinctions will continue the pattern of 
biodiversity loss and body size downgrading 
(fig. S1). If all species currently at risk are even- 
tually driven extinct, ~22.4 to 53.7% of mammals 
will be lost relative to 125 ka ago (table $2). This will 
further decrease mean body mass in North America 
from 7.7 to 4.9 kg (Fig. 3B and table S1); similar 
declines are predicted for other continents. Thus, 
the largest mammal on earth in a few hundred 
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Fig. 1. Distribution of body size 
selectivity coefficients over the 
Cenozoic mammal record. All 
selectivity coefficients reflect 
change in the natural logarithm of 
the odds of extinction associated 
with a one-logio-unit change in 
body mass. Values of zero indicate 
no bias, positive values indicate 
bias against larger size, and nega- 
tive values indicate bias against 
smaller size. LQ, average of all late 
Quaternary (LP to H) extinctions; 
LP, late Pleistocene; EP, end Pleis- 
tocene; TP, terminal Pleistocene; 
H, Holocene; and F, future 
extinctions. 
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Fig. 2. Analyses of size bias in the mammalian fossil record. (A and B) Global patterns of extinction. 
(A) Difference in the mean of log-transformed sizes of victims versus survivors for intervals across the 
late Quaternary. (B) Selectivity coefficients measuring the association between body size and extinction 
probability derived from logistic regression of extinction status as a function of body mass. Multiple 
regressions controlling for the additive contributions of continental location and trophic guild yield even 
stronger associations between extinction status and body mass (table S5) (21). (C and D) Extinction 
patterns on each continent. (C) Size differences. (D) Size selectivity coefficients. (E and F) Influence of 
trophic guild on extinction risk. (E) Size differences. (F) Size selectivity coefficients. Bars indicate 95% 


confidence interval (Cl). 
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Fig. 3. Body size and its influence on extinction risk. (A) Global mean body size over the Cenozoic 
(65 to 1 Ma ago). (B) Mean body size by continent over the late Quaternary (past 125 ka). (C) Maximum 
body size across the Cenozoic by continent. (D) Maximum body size over the late Quaternary and 

into the future. (E) Size selectivity coefficients across the entire Cenozoic fossil record. (F) Size 
selectivity of late Quaternary extinctions. Bars indicate 95% Cl. All masses are in kilograms. Light blue 
shading indicates late Pleistocene, white shading indicates Holocene, and gray shading indicates 

the future (+200 years). Ages here and elsewhere are plotted as midpoint of time interval. 
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Fig. 4. The body size distribution of terrestrial, nonvolant mammals on each continent over 
the late Quaternary. (A) Africa. (B) Eurasia. (C) Australia. (D) North America. (E) South America. 
Body sizes for each temporal interval are plotted; distributions are overlaid from oldest to youngest. 
Yellow shading indicates the predicted distribution in the future, if vulnerable species go extinct. 
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years may well be a domestic cow (Bos taurus) at 
~900 kg. Furthermore, the loss of currently endan- 
gered species would reduce terrestrial mammal 
body mass to the lowest values in the past 45 Ma 
(Fig. 3, A and C, as compared with Fig. 3, B and D). 
The last time the body size distribution of ter- 
restrial vertebrates was similarly disrupted was 
~66 Ma ago, during the end-Cretaceous mass 
extinction. 

Because body size is strongly linked to most 
biological rates and processes (30), the extir- 
pation of large mammals led to a fundamental 
restructuring of energy flow through mammal 
communities over the late Quaternary. The severe 
body size downgrading—a truncation of more 
than two orders of magnitude—resulted in sub- 
stantial shifts from bimodal toward unimodal 
size distributions (Fig. 4 and fig. S1). Homoge- 
nization of distributions continued through the 
Holocene and is predicted to continue into the 
future (Fig. 4 and table S4). Extinctions also led 
to changes in the proportional representation of 
trophic guilds, especially herbivores (fig. S2). In 
the future, continental distributions will be severe- 
ly skewed toward smaller mammals (Fig. 4)—in 
particular, rodents (fig. S2). Ecological principles 
suggest that changes in energy flow over the 
Pleistocene likely led to compensatory changes, 
potentially numerical responses by surviving 
smaller-bodied mammals to maintain ecosystem 
homeostasis (37). By the Holocene, however, hu- 
mans were a strong influence on energy flow 
within ecosystems. Global expansion was accom- 
panied by increased human densities (17) and 
animal domestication (0). By historical time, the 
terrestrial biosphere was transformed from one 
dominated by wild animals into one dominated 
by humans and their livestock, many provisioned 
with domesticated crops (2, 5, 10). Today, the bio- 
mass of the >4.5 billion domesticated animals on 
Earth exceeds estimates for wild mammals at the 
terminal Pleistocene (JO). 

Our study highlights the long and sustained 
influence of humans and other hominins on 
terrestrial ecosystems. As Neandertals, Deniso- 
vans, and humans spread across the globe over 
the late Quaternary, a highly size-biased extinc- 
tion followed, a pattern distinct in the Cenozoic 
mammal record. The subsequent downgrading 
of body size was severe and differentially targeted 
herbivores. Thus, contemporary biodiversity loss 
is part of a trend spanning more than 125 ka, with 
expected future extinctions of greater magnitude, 
but reduced size selectivity, than in the past. The 
homogenization of ecosystems has dramatically 
influenced the past, present, and future role of 
wild mammals in the terrestrial biosphere. 
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Synaptic transmission from subplate 
neurons controls radial migration 
of neocortical neurons 


Chiaki Ohtaka-Maruyama,'* Mayumi Okamoto,* Kentaro Endo,” Minori Oshima,” 
Noe Kaneko,”* Kei Yura,”” Haruo Okado,” Takaki Miyata,* Nobuaki Maeda‘* 


The neocortex exhibits a six-layered structure that is formed by radial migration of excitatory 
neurons, for which the multipolar-to-bipolar transition of immature migrating multipolar 
neurons is required. Here, we report that subplate neurons, one of the first neuron types born in 
the neocortex, manage the multipolar-to-bipolar transition of migrating neurons. By 
histochemical, imaging, and microarray analyses on the mouse embryonic cortex, we found 
that subplate neurons extend neurites toward the ventricular side of the subplate and form 
transient glutamatergic synapses on the multipolar neurons just below the subplate. NUDAR 
(N-methyl-p-aspartate receptor)—mediated synaptic transmission from subplate neurons to 
multipolar neurons induces the multipolar-to-bipolar transition, leading to a change in migration 
mode from slow multipolar migration to faster radial glial-guided locomotion. Our data 
suggested that transient synapses formed on early immature neurons regulate radial migration. 


he six-layered neocortex develops through 
radial migration of excitatory neurons in 
an inside-out manner (J, 2). Defects in this 
construction process lead to brain disorders 
such as lissencephaly (3). In the developing 
neocortex, excitatory neurons are generated from 
progenitors known as radial glial cells in the 
ventricular zone (VZ) (Fig. 1A). Newly generated 
neurons exhibit a multipolar shape and meander- 
ing movement in the subventricular zone (SVZ) 
and intermediate zone (IZ) (multipolar migration) 
(2). These multipolar neurons (MpNs) then change 
to a bipolar shape (multipolar-to-bipolar transi- 
tion) and migrate rapidly in the cortical plate (CP) 
toward the marginal zone (MZ) via radial glial- 
guided locomotion (locomotion). Subplate neurons 
(SpNs) and Cajal-Retzius cells are the first neurons 
born in the neocortex and reside in the subplate 
(SP) and MZ, respectively (2, 4). Cajal-Retzius cells 
guide the inside-out layering of excitatory neurons 
by secreting reelin (5). SpNs build connections 
between the thalamus and the cortex (4). Here, 
we examined the possibility that SpNs also reg- 
ulate radial migration. 
To evaluate the roles of SpNs in radial migra- 
tion, we observed the migration of green fluores- 
cent protein (GFP)-labeled neurons by time-lapse 
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recording of the slices from embryonic day 16 
(E16) cortices (movie S1). We noticed that MpNs 
paused migration at the boundary between the 
IZ and the SP (Fig. 1A and fig. S1). After this 
stationary period, MpNs changed their morphol- 
ogy to a bipolar shape and began locomotion. 
Morphometric analysis revealed that the SP de- 
marcated the boundary between the upper cor- 
tical region where bipolar neurons were distributed 
and the lower region where MpNs were distrib- 
uted (fig. S2). In the SP, migrating neurons ex- 
hibited branched and twisted leading processes 
with features intermediate between bipolar and 
multipolar neurons (Fig. 1B). These observations 
raised the possibility that the SP plays roles in 
the multipolar-to-bipolar transition of migrating 
neurons. 

The SP consists mainly of SpNs, developing 
axon tracts, and extracellular matrix (6). We hy- 
pothesized that MpNs receive signals from SpNs, 
which induce changes in their polarity. To investi- 
gate this possibility, we used two methods to 
visualize SpNs and migrating neurons separately 
in the same cortical slices: (i) in utero double 
electroporation and (ii) in utero single electro- 
poration using Lparl-EGFP (enhanced GFP) mice 
(7). In the VZ, SpNs are generated at E10 as one 
of the first-born neurons, and then excitatory 
neurons are generated in a sequential order. 
Therefore, SpNs and migrating neurons can be 
labeled separately by sequential in utero electro- 
porations of GFP expression plasmid at E10 and 
red fluorescent protein (RFP) expression plasmid 
at E14, respectively, to the same embryos. In ad- 
dition, various expression constructs can be 
introduced selectively into SpNs by in utero 
electroporation at E10 (fig. S3). In the embryonic 
cortex of the Lparl-EGFP mouse, subsets of SpNs 
express EGFP (Fig. 1C). Thus, in utero electropora- 
tion of RFP expression plasmid into the cortex of 
this Tg mouse at E14 enables us to visualize GFP- 
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positive SpNs and RFP-positive migrating neu- 
rons in the same slices. 

Live imaging of the SpNs of Lparl-EGFP mice 
revealed that they extended axon-like processes 
toward the ventricular side (Fig. 1D and movie 
$2). RFP labeling of migrating neurons indicated 
that these processes are closely associated with 
MpNs just below the SP (Fig. 1E and movies $3 
and S4). The SpN processes had many varicosities, 
which were reminiscent of en passant synaptic 
boutons and often attached to the cell bodies of 
MpNs (Fig. 1, F and G). Similar contacts between 
SpNs and MpNs were observed in the in utero 
double-electroporated cortices (fig. $4). Immuno- 
histochemical analysis showed that a part of the 
SpN neurites contacting with MpNs were vesicular 
glutamate transporter (VGLUT2)-positive, suggest- 
ing that they formed glutamatergic synapses (Fig. 
2A). On average, 19 VGLUT2-positive puncta were 
detected per MpN (fig. S5). By using electron 
microscopy, we found synapse-like contacts on 
the cell bodies of MpNs in the upper IZ, which 
were characterized by a few vesicles of 43 + 1nm 
diameter, as well as electron dense structures rem- 
iniscent of active zones and postsynaptic den- 
sities (Fig. 2, B to E, and fig. S6). About 70 to 80% 
of the junctional structures around MpNs showed 
no vesicles, which are presumably immature or 
degenerating synaptic contacts (Fig. 2, F and G). 
The pre- and postsynaptic plasma membranes 
often showed a wavy shape (Fig. 2, F and G), which 
may reflect the transient nature of these synapses. 
We confirmed that this type of junctions was 
formed between MpNs and SpNs by double-label 
immunoelectron microscopy (fig. S7). 

To investigate the roles of synapses between 
MpNs and SpNs, we examined the neuronal ac- 
tivity of SpNs by Ca?* imaging using GCaMP3. 
SpNs exhibited Ca”* transients (Fig. 3A and movie 
S85), suggesting that they were neuronally active as 
early as E15. We also tried to visualize the pre- 
synaptic activity of SpNs using cortical slices 
electroporated with synaptophysin-pHluorin 
constructs (8) at E10. Synaptophysin-pHluorin 
signals were observed at the upper IZ (Fig. 3B 
and movie S6), which were not observed when 
tetanus toxin (TeNT) was coexpressed (Fig. 3B). 
TeNT cleaves synaptobrevin and thus blocks exo- 
cytosis of synaptic vesicles, indicating that these 
signals were specific. Moreover, upon K* stim- 
ulation, synaptophysin-pHluorin signals were 
augmented around several cells, presumably MpNs, 
just below the SP (Fig. 3B and movie S7). These 
observations suggested that SpNs release neu- 
rotransmitters around MpNs. 

We examined whether neuronal activities of 
SpNs were necessary for radial migration by over- 
expressing the inwardly rectifying potassium 
channel Kir2.1 (9), which causes a suppression 
of neuronal excitability. The embryos were doubly 
electroporated with Kir2.1 and GFP constructs at 
E10 and subsequently with RFP construct at E14. 
In contrast to the control cortices, where many 
RFP-labeled neurons entered the CP, they were 
accumulated just below SP when Kir2.1 was ex- 
pressed in the SpNs (Fig. 3C, arrows). We further 
tried to suppress neurotransmitter release from 
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Fig. 1. SP as a strategic position for radial migration. (A) Newborn 
neurons first show multipolar migration. After multipolar-to-bipolar transition, 
they initiate locomotion (left). Three migrating neurons shown in movie S1 were 
tracked (right). (B) In the SP, migrating neurons showed a transitional form 
between multipolar and bipolar morphologies. (C) SpoNs and migrating 
neurons were doubly labeled with GFP (green) and RFP (red), respectively, in 
the Lparl-EGFP mouse cortex. The SP layer (arrow) can be visualized as the 
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Fig. 2. Glutamatergic synaptic contacts between SpNs and MpNs. 

(A) SpNs and migrating neurons were doubly labeled with GFP (green) and 
RFP (magenta), respectively, in the cortex of Lparl-EGFP mice. The SpN 
neurites showed VGLUT2 immunoreactivity (cyan) at the contact sites with 
MpNs (arrows). The insets show the enlarged areas indicated by rectangles. 
(B) E16 cortical sections were observed by electron microscopy. SpNs and 
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dark zone under bright-field microscopy. (D) SpNs (yellow arrowheads) extend 
axon-like processes (arrows). (E to G) SpNs (yellow arrowheads) and MpNs 
(white arrowheads) were visualized in cortical slices of Lparl-EGFP mice. Yellow 
arrows indicate axon-like processes of SpNs. Enlarged images showed that 
neurites of SoNs contacted with migrating MpNs just under the SP. The contact 
sites often showed a varicosity-like structure (white arrows). Scale bars: 50 um 
for (C); 20 um for (B), (D), and (E); and 1 and 10 um for (F) and (G). 


migrating neurons are marked with asterisks and triangles, respectively. (C to 
E) The areas indicated by rectangles in (B) and (C) are enlarged in (C) and (D), 
respectively. Arrowheads in (D) and (E) show synaptic vesicles. (F and G) 
The junctional structures without synaptic vesicles. Arrows indicate wavy 
plasma membranes. Scale bars: 20 um for (A), left; 10 um for (A), right upper 
layer, and (B); 5 um for (A), right lower layer; 2 um for (C); and 100 nm for (D) to (G). 
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SpNs using TeNT knock-in mice, in which TeNT 
is expressed in a Cre-dependent manner (10). 
Using this mouse, in utero double electroporation 
of Cre expression plasmid at E10 and RFP con- 
structs at E14 was performed. As in the case of 


Kir2.1 experiments (Fig. 3C), radial migration was 
inhibited just below the EGFP/TeNT-expressing 
SpNs (Fig. 3D, arrows). These results suggested 
that the synaptic transmission from SpNs to MpNs 
is critical for MpNs to initiate locomotion, although 
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Fig. 3. Critical roles of neuronal activity of SpNs in radial neuronal migration. (A) Calcium 

imaging of SpNs (cells 1 and 2) electroporated with the GCaMP3 construct. Deep CP neurons scarcely 
showed Ca** rises (cells 3 and 4). (B) SpNs were electroporated with the synaptophysin-pHluorin 
construct, and the cortical slices were applied for imaging analyses. Synaptophysin-pHluorin signals 
were augmented after K* stimulation around many cells (B’ and B", arrows). The signals were suppressed 
when TeNT was coexpressed. (C) Neuronal migration was blocked when neuronal activity of SoNs was 
suppressed by Kir2.1. (D) Neuronal migration was blocked when neurotransmitter release from SpNs 
was impaired by EGFP-TeNT. Three brains of independent experiments were used, and two sections from 
each brain were analyzed for Kir2.1 experiments (N = 6). Two brains of independent experiments were 
used, and three sections from each brain were analyzed for EGFP-TeNT experiments (N = 6). Scale bars, 
50 um. ***P < 0.0005. Error bars, mean + SEM. 
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some deep CP neurons might also contribute to 
the synaptic transmission (fig. $3). 

Glutamate and N-methyl-p-aspartate recep- 
tors (NMDARs) are involved in radial migration 
(11-14). In these studies, glutamate in the CP has 
been considered to act as a chemoattractant for 
migrating neurons via nonsynaptic NMDARs. On 
the other hand, if glutamatergic synaptic trans- 
mission induces the change of migration mode, 
local application of glutamate should enhance the 
initiation of locomotion. Thus, we performed ex- 
periments using caged glutamate (Fig. 4A and 
movie S8). MpNs in the uncaged area, which 
were marked by the red fluorescence of Kikume 
green-red, rapidly initiated locomotion and passed 
through the SP without a stationary phase. 
The displacement of neurons from the uncaged 
areas and the migration toward the MZ cannot 
be explained by simple chemotactic effects of 
glutamate. 

To estimate the glutamate receptors involved 
in the synaptic transmission between SpNs and 
MpNs, we first performed a gene expression pro- 
filing of newborn excitatory neurons (fig. S8). 
After in utero electroporation of GFP expression 
plasmid into E14 cortices, RNAs were purified 
from GFP-labeled cells collected at E15, E16, and 
E17 by fluorescence-activated cell sorting (FACS). 
Because GFP-labeled neurons passed through the 
multipolar to bipolar stages during these 3 days, 
we could show changes in gene expression that 
occurred as the migration stages proceeded. En- 
richment analyses revealed that the expression of 
genes associated with gene ontology terms con- 
taining “synaptic contact” increased during migra- 
tion. In particular, gene expressions of NR1 and 
NR2B subunits of NMDARs and postsynaptic den- 
sity proteins such as PSD95 increased (fig. S9, A 
and B). Furthermore, NMDAR antagonists AP5 
and MK801 inhibited radial migration in the cul- 
tured cortical slices, as reported previously using 
rat tissues (12) (fig. S9C). 

We thus investigated the postsynaptic mecha- 
nism of MpNs focusing on PSD95 and NMDAR. 
Knockdown of PSD95 resulted in impaired radial 
migration, which was rescued by the short hair- 
pin RNA (shRNA)-resistant expression construct 
of PSD95 (Fig. 4B and fig. S10, A and B). Observa- 
tion of the morphology of migrating neurons 
revealed that multipolar-to-bipolar transition was 
impaired by knockdown of PSD95 (fig. S10, C to 
E). We next examined the involvement of NUDARs 
using NR1"°*/"% mice (15). In utero electropora- 
tion of Cre expression plasmid resulted in accumula- 
tion of NR1 knockout neurons just under the SP 
(Fig. 4C). Because NR1 and PSD95 are essential 
components for NMDAR-mediated synaptic trans- 
mission, these results support the idea that gluta- 
matergic synaptic transmission from SpNs to 
MpNs via NMDARs induces multipolar-to-bipolar 
transition. 

Finally, we performed Ca”* imaging of migrat- 
ing neurons. We observed that the Ca?* concen- 
tration in MpNs transiently increased just before 
initiation of locomotion, suggesting that Ca?* 
entry through NMDARs plays roles in multipolar- 
to-bipolar transition (fig. S11 and movies S9 and 


3 of 4 


810 ‘2g Judy uo /Bio Beweouelossousa!0s//:dijy Woy papeojumoq 


RESEARCH | REPORT 


> 


+ 
2 
Ki 
Zz 
= 


El45>E175 Et4:5->E17.5 


Sh-NC (Control) Sh-PSD95 _ 


NAIM (£145 5E18.5) 


o+—_—_—___,—_ 
MNI-Glu Control 


ns 
E14.5-5E17.5 oni 
ot 
2512 
2209 ‘ 
EZ 0.6 
20 
ha oY 
=o00.3 
25 
O2 9 
Rescued _ . 
Ro se” e 
So SP 
Go x ¥ 


10 20 30 40 50 60 70 


& Control 
m@ NR1 KO 


Fig. 4. NMDAR and PSD95 in MpNs are involved in radial migration. (A) The cortical slices were 
cultured in the presence (MNI-Glu*) or absence (control) of caged glutamate, and the areas 
indicated by rectangles were laser-irradiated. Tracking of neuronal migration indicated that neurons 
in the uncaged area rapidly initiated locomotion. The time it took for red neurons to initiate 
locomotion after laser irradiation was plotted (N = 20). (B) Knockdown of PSD95 resulted in 
accumulation of MpNs below the SP. Three brains of independent experiments were used, and three 
sections from each brain were analyzed (N = 9). (C) The cortices of NR1"*/" mice were 
electroporated with Cre and GFP expression plasmids at E14. Knockout of NRI1 resulted in delay 

of neuronal migration. Three sections from one embryo and four sections from another 

embryo of independent experiments (N = 7) were used for quantification. Scale bars, 50 um. 

**P < 0.005. ***P < 0.0005. Error bars, mean + SEM. 


$10). However, we cannot exclude the possibility 
that AMPA receptors are also involved in Ca?* 
signaling because their expressions increased 
during migration (fig. S9B). Increased Ca?* tran- 
sients in migrating neurons in the CP, which may 
be induced by radial glial fibers (76), cause migra- 
tion arrest and maturation (/7), suggesting that 
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the roles of Ca?* signaling change depending on 
the stage of migration. 

Our data suggested that subplate neurons 
facilitate multipolar-to-bipolar transition of mi- 
grating excitatory neurons by NMDAR-mediated 
synaptic transmission, although the possibility 
that there are also contributions from deep layer 
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neurons cannot be excluded (fig. $12). Impair- 
ment of multipolar-to-bipolar transition and 
accumulation of multipolar neurons below the 
subplate are observed in mice mutant for a 
variety of genes, including RP58 (2, 18); some 
of these genes are involved in human neuro- 
developmental disorders such as fragile X syn- 
drome (19). Subplate neurons might regulate 
the expression and function of these genes in 
multipolar neurons through NMDAR-mediated 
Ca?* signaling. The subplate has been associated 
with autism and schizophrenia by gene expres- 
sion profiling (6). Disruption of these transient 
synapses during development may contribute 
to these and other psychiatric disorders. 


REFERENCES AND NOTES 


P. Rakic, Science 183, 425-427 (1974). 

C. Ohtaka-Maruyama, H. Okado, Front. Neurosci. 9, 447 (2015). 

J.G. Gleeson, C. A. Walsh, Trends Neurosci. 23, 352-359 (2000). 

K. L. Allendoerfer, C. J. Shatz, Annu. Rev. Neurosci. 17, 185-218 

(1994). 

5. K. Sekine, K. Kubo, K. Nakajima, Neurosci. Res. 86, 50-58 (2014). 

6. A. Hoerder-Suabedissen et al., Proc. Natl. Acad. Sci. U.S.A. 110, 
3555-3560 (2013). 

7. A. Hoerder-Suabedissen, Z. Molnar, Cereb. Cortex 23, 

473-1483 (2013). 

8. B. Granseth, B. Odermatt, S. J. Royle, L. Lagnado, Neuron 51, 

773-786 (2006). 

9. J. Burrone, M. O'Byrne, V.N. Murthy, Nature 420, 414-418 (2002). 

0. M. Sakamoto et al., J. Neurosci. 34, 5788-5799 (2014). 

1. T.N. Behar et al., J. Neurosci. 19, 4449-4461 (1999). 

2. K. Hirai et al., Brain Res. Dev. Brain Res. 114, 63-67 (1999). 

3 

4 


b 


wr 


. H. Jiang et al., Brain Res. 1610, 20-32 (2015). 

. J. J. LoTurco, M. G. Blanton, A. R. Kriegstein, J. Neurosci. 11, 
792-799 (1991). 

. lwasato et al., Nature 406, 726-731 (2000). 

B. G. Rash, J. B. Ackman, P. Rakic, Sci. Adv. 2, e1501733 (2016). 
Y. Bando et al., Cereb. Cortex 26, 106-117 (2016). 

C. Ohtaka-Maruyama et al., Cell Reports 3, 458-471 (2013). 
G. La Fata et al., Nat. Neurosci. 17, 1693-1700 (2014). 


ACKNOWLEDGMENTS 


We acknowledge Y. Nishito for microarray analyses, T. Hara for 
support with FACS, A. Odajima for image processing, J. Horiuchi for 
critical reading of the manuscript, and S. Okabe, S. Takamori, and 
Y. Yoshimura for helpful discussions. Funding: This work was 
supported in part by the Japan Society for the Promotion of Science 
Grant-in-Aid for Scientific Research (KAKENHI) (17K07428 to 
C.0.-M., 16K07077 to N.M., and 16H02457 to T.M.), Ministry of 
Education, Culture, Sports, Science and Technology KAKENHI 
(22111006 to T.M.), and the Basis for Supporting Innovative Drug 
Discovery and Life Science Research (BINDS) from the Japan 
Agency for Medical Research and Development (AMED) to K.Y. 
Author contributions: C.O.-M., N.M., T.M., and M.Ok. designed the 
experiments; C.O.-M., M.Ok., K.E., M.Os., and N.K. collected the 
data; C.0.-M., M.Os., and K.Y. performed the statistical analysis of 
microarray data; H.O. provided administrative support; and C.0.-M., 
and N.M. wrote the paper. Competing interests: None declared. 
Data and material availability: The microarray data are available 
in Gene Expression Omnibus database under accession number 
GSE102911. All other data needed to evaluate the conclusions in the 
paper are present in the paper or the supplementary materials. 


SUPPLEMENTARY MATERIALS 
www.sciencemag.org/content/360/6386/313/suppl/DC1 
Materials and Methods 

Figs. Sl to S12 

Movies S1 to S10 

References (20, 21) 


22 October 2017; accepted 22 February 2018 
10.1126/science.aar2866 


4 of 4 


8102 ‘2a Judy uo /Bio Beweouelossoua!0s//:dijy Woy papeojumoq 


RESEARCH 


PLANT ECOLOGY 


Unexpected reversal of C3; versus C, 
grass response to elevated CO, during 
a 20-year field experiment 


Peter B. Reich,’?* Sarah E. Hobbie,® Tali D. Lee,* Melissa A. Pastore® 


Theory predicts and evidence shows that plant species that use the C, photosynthetic pathway 
(C4 species) are less responsive to elevated carbon dioxide (eCO2) than species that use only 
the C3 pathway (C3 species). We document a reversal from this expected C3-C, contrast. 
Over the first 12 years of a 20-year free-air CO2 enrichment experiment with 88 C3 or Cy 
grassland plots, we found that biomass was markedly enhanced at eCO; relative to ambient 
COz2 in C3 but not C, plots, as expected. During the subsequent 8 years, the pattern reversed: 
Biomass was markedly enhanced at eCO> relative to ambient COz2 in C4 but not C3 plots. Soil 
net nitrogen mineralization rates, an index of soil nitrogen supply, exhibited a similar shift: 
eCO> first enhanced but later depressed rates in C3 plots, with the opposite true in C4 

plots, partially explaining the reversal of the eCO2 biomass response. These findings challenge 
the current C3-C, eCO2 paradigm and show that even the best-supported short-term 

drivers of plant response to global change might not predict long-term results. 


he idea that C, plants are less limited by am- 

bient atmospheric CO, concentrations than 

C3 plants, and will thus respond less to in- 

creasing CO, concentrations, has a long his- 

tory (1-3) and is deeply embedded in models 
of past, present, and future vegetation-climate 
interactions (2-7). The hypothesis has proven use- 
ful, if not always entirely predictive, in describ- 
ing C3 and C, plant distributions (2-4, 8-11) and 
biomass responses to environmental variation 
(12-15). 

There is strong logic for this hypothesis. C3 
plants, which use the carboxylase enzyme RuBisCO 
(ribulose-1,5-bisphosphate carboxylase-oxygenase) 
to fix CO, from the air and obtain 3-carbon in- 
termediate molecules as the first step in photo- 
synthesis, lose a portion of their fixed CO, to 
oxidative photorespiration under present CO,:0, 
ratios because RuBisCO is also an oxygenase (1-3). 
Thus, C; plants should exhibit increased leaf-level 
net photosynthesis as increasing CO»:O, ratios re- 
duce rates of photorespiration and increase rates 
of carboxylation (1-3). By contrast, in C, plants, a 
different enzyme (phosphoenolpyruvate carbox- 
ylase) with a high affinity for CO. and lacking 
oxygenase activity first incorporates CO, into a 
4-carbon intermediate, which is then shuttled to 
specialized bundle sheath cells where CO, is re- 
leased, resulting in locally high CO, concentra- 
tions. Here, RuBisCO catalyzes carboxylation, but 
with low rates of photorespiration because of the 
high CO,:O, ratios in the bundle sheath cells. As 
a result, eCO, levels in air have little impact on 
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photosynthetic rates for C4 plants (7-3). Globally, 
most plants are C3; graminoids are the only major 
group with substantial abundance of both C3 and 
C, species (2, 16). Given that C, grasslands may 
constitute one-fifth of global terrestrial net pri- 
mary productivity (6), a better understanding of Cy, 
performance under rising COz vis-a-vis C3 grasses 
is needed for global ecology and for improved eco- 
system and Earth system modeling (5-7, 17). C3 
and C, grasses (and sedges) are also distinguished 
in terms of ecological success by different affini- 
ties for temperature, rainfall, and nutrient supply 
(as well as CO.); as a consequence, they can co- 
occur or shift their relative abundances depending 
on the mix of conditions (8-11, 14, 15, 18-20). 

Experimental evidence has strongly supported 
the theoretical prediction that at current CO, lev- 
els, Cz grasses are more CO,-limited than C, spe- 
cies and thus will respond more to rising COs. 
Two influential meta-analyses (12, 13) reported 
greater stimulation (by factors of 2 to 4) of above- 
ground biomass by eCO, for C3 species than for 
C, species. One of those publications focused on 
published studies of graminoids, where plants 
were mostly grown in pots for less than a year 
(12), whereas the other focused on free-air CO. 
enrichment (FACE) field studies (mostly 3 years 
or shorter) with plants grown in the ground (13). 
Another more recent meta-analysis also showed 
much greater responses of biomass growth for 
C, than for C, plants (22). One of the few longer- 
term studies comparing C3 and C, grasses under 
eCO, found that C, species were, surprisingly, 
apparent “winners” after 3 years of eCO, and 
warming (20). However, by 6 years of treatment, 
the situation had reversed, with Cz species be- 
coming more positively responsive to the simu- 
lated global changes and the dominant plant 
type, in accordance with expectations (22). 

In sum, current physiological theory and short- 
and medium-term studies support the paradigm 


that C, species benefit much less from rising CO, 
than C3 species. Given both theoretical and em- 
pirical support for the differences in eCO, response 
of C3 and C, species, their differential responsive- 
ness to eCO, comes as close to “accepted fact” as 
exists in ecology and, as such, is incorporated 
into many ecosystem and Earth system models 
(3-6, 8-13). However, it is not known whether find- 
ings from short- and medium-term studies apply 
over ecologically realistic time frames (>10 years) 
in field settings where complex feedbacks might 
influence response to eCO,. Understanding long- 
term responses of C3 and Cy, species is especially 
germane given that the limited available evidence 
suggests strong nonlinearity of responses of eco- 
systems to eCOz over time (23). 

Here, we report results from a long-term (20-year) 
FACE experiment in Minnesota, USA, that sup- 
port the long-held paradigm for the early part 
of the experiment but reveal a gradual reversal 
to a much more positive response to eCO, by Cy 
than by Cs; grasses. The study uses 88 plots that 
are components of several different but overlapping 
global change experiments within the BioCON 
project (24, 25) and by themselves constitute a 
fully factorial 2 x 2 x 2 x 2 experiment of CO, 
levels (ambient or +180 parts per million), nitrogen 
levels (ambient or +4 g N m™ year”), species rich- 
ness (one or four species), and functional group 
identities (C3 or Cy grasses) (26). Eight species of 
temperate perennial grasses (four each of C3 and 
C,) were used in the study (26) and were equally 
weighted in the original plantings of those 88 plots; 
that is, there are equal numbers of replicated mono- 
cultures of all species, and the four-species plots 
contain all species within each functional group. 
Annually over 20 years, we sampled both above- 
ground and belowground (0 to 20 cm) biomass 
late in each growing season in every plot, and also 
made an independent measure of fine root pro- 
duction (0 to 20 cm). We also measured in situ soil 
net N mineralization in every plot for a 1-month 
period each year just prior to biomass sampling 
(26, 27). Leaf-level net photosynthetic rates were 
measured midseason (28) for a subset of these 
eight grass species in 16 of the 20 years. 

Over the 20-year experimental period, total 
biomass of C, grasses became increasingly en- 
hanced by eCO, exposure, with the reverse true for 
Cz grasses (Figs. 1 and 2 and figs. S1 and $2). Dur- 
ing approximately the first 12 years (1998-2009), 
results were as expected (Fig. 1): C3 plots averaged 
a 20% increase in total biomass (+136 g/m”) at 
eCOz, relative to ambient COs, in contrast to Cy, 
plots that averaged a 1% increase (+12 g/m?). Dur- 
ing the subsequent 8 years (2010-2017), the pattern 
reversed: C3 plots averaged 2% less (-12 g/m?) 
and C, plots 24% more (+233 g/m?) biomass in 
eCO, than in ambient CO, (Fig. 1). 

Repeated-measures analyses of variance (Table 1) 
support these conclusions, which are illustrated 
for successive 5-year periods in Fig. 2. Significant 
main effects on total biomass were found for N 
addition (higher biomass than at ambient N), 
species richness (higher biomass in plots with 
four species than in plots with one species), and 
functional group (higher biomass on average in 
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C, plots than in C3 plots) (Table 1). Additionally, 
on average across treatments, biomass of C3 plots 
was originally greater than that of C, plots, but 
over time this ranking reversed (interaction of 
functional group x year, P < 0.0001; Table 1 and 
Fig. 1). Most germane was the significant func- 
tional group x year x CO, interaction (P = 0.007; 
Table 1), showing that C3 and C, functional groups 
responded differently to eCO, over time (Fig. 2). 
For example, in each of the first two 5-year pe- 
riods, C3 grasses increased biomass under eCO, 
by ~20% (+140 g/m”); this declined to a 10% en- 
hancement (+40 g/m?) in years 11 to 15 and a 2% 
decline in years 16 to 20 (-15 g/m”). In contrast, 
under eCO., biomass of C, grasses was reduced 
by 2% (-23 g/m”) in years 1 to 5, enhanced by 
~7% (+60 g/m?) in years 5 to 10 and 11 to 15, 
and enhanced by 31% (+298 g/m”) in years 16 
to 20. These different responses of functional 
groups to CO, and time were unaffected by N 
treatment (P = 0.76 for functional group x 
year x CO, x N interaction) and were slightly 
more pronounced in four-species plots than in 
one-species plots (P = 0.048 for functional 
group x year x CO. x species richness interaction) 
(Table 1 and fig. S3). Results were generally sim- 
ilar for aboveground and belowground biomass 
viewed separately, as well as for annual net pri- 
mary production (estimated as the sum of an- 
nual aboveground biomass production and fine 
root production). 

We explored several potential mechanisms for 
this long-term reversal of C3 versus C4 respon- 
siveness to eCOs, including a temporal switch in 
leaf-level photosynthetic response, differential 
CO, sensitivity associated with potential climate 
variation over the 20 years, and potential feed- 
backs from changing N cycle responses to eCO, 
over time. Measurements of light-saturated net 
photosynthesis were made for one to three Cz 
and one to three C, grass species (mean of 2.2) in 
monocultures in 16 of the 20 years of the study, 
at all combinations of CO. and N treatment. There 
was no evidence of a shift over time in the en- 
hancement of net photosynthesis as observed 
for biomass (no interactions of functional group x 
CO, x year; fig. S4). Moreover, there was no cor- 
respondence between years when eCO, enhance- 
ment of net photosynthesis was high and years 
when eCO, enhancement of biomass was high, 
in either functional group (compare Fig. 1 and 
fig. S4). Although we lack data for all species in 
all treatments in all years, the available data pro- 
vide no evidence to suggest that the rank rever- 
sals of biomass responses to eCO, were driven by 
parallel rank reversals in leaf-level photosynthetic 
responses. 

We then asked whether the shifting respon- 
siveness of C3 versus C, grass plots could be re- 
lated to interannual variation in temperature or 
rainfall (2-5, 15, 19, 21). Responses of C3 and Cy 
grasses did not depend on year-to-year variations 
in mean or lagged spring, summer, or growing- 
season daily average temperature. The only sig- 
nificant effect involved summer rainfall [May to 
July (MJJ)]: There was a significant (P = 0.0264) 
interaction of CO, x functional group x MJJ rain- 
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fall on the biomass response (table S1); C4 grasses 
were slightly more responsive to eCO. when rain- 
fall was higher, whereas C3 grasses were more 
responsive in low rainfall. These results are in- 
consistent with C3 and C, grass responses in many 


C, grasses 


Total biomass 


ambCO, 


2000 2005 


Year 


2010 2015 


studies (2-5, 15, 19). However, MJJ rainfall was only 
weakly correlated with year, and the CO, x year x 
functional group interaction was significant in the 
model (P = 0.034’7) even after accounting for dif- 
ferential responses to rainfall for the two functional 


1500 ~ C, grasses 
1200 4 eCO, 
900 ~ 
ambCO, 
600 -—-_—-—_-—— 
2000 2005 2010 2015 
Year 


Fig. 1. Biomass over time of C3 grasses and C, grasses at ambient and elevated CO. Total 
biomass (aboveground + O to 20 cm belowground) of plots comprising C3 grasses and Cy, grasses in 
ambient COz (red) and elevated COs (blue) from 1998 to 2017. Data are shown as moving 3-year 
averages centered over the middle of each 3-year group. Each point represents data pooled across 
N treatments, and across monoculture and four-species plots (equally weighted), for each 
functional group (n = 22 plots for each functional group at each COz level). See Table 1 for statistical 
analysis and fig. Sl for annual data and information on variation in response within treatments. 


Table 1. Summary of repeated-measures analysis of variance of year, CO, N, species richness 
(SR), and C3 versus C, functional group (FuncGroup) effects on total biomass and soil net N 
mineralization. Three-way or higher interactions involving treatments and two-way interactions or 
higher involving covariates shown only if significant. Five-way interactions were not tested. N mineralization 
data were missing for 2008 and 2017. Biomass was log-transformed prior to analysis. Year was a 
continuous term; Year and Year x Year terms were included in the model to assess linear and nonlinear 
changes over time involving COz and functional groups. Significant terms (P < 0.05) in bold font. 


Total biomass 


Net N mineralization 


Sn (gm) (mg kg” day’) 
R? = 0.609, P < 0.0001, R? = 0.086, P < 0.0001, 
Whole model n=1760 n = 1582 
F P>F F P>F 
Year 158.95 <0.0001 0.31 0.5787 


0.0005 0.0008 


<0.0001 0.0195 


0.01 


Year x Year x CO2 x FuncGroup 


0.9342 0.67 0.4170 
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Fig. 2. Elevated CO effect on total biomass and soil net N mineralization rates in plots comprising 
C3 grasses and C, grasses. Left: Mean annual difference in biomass (mean biomass in eCO>2 — mean 
biomass in ambient COz) for C3 and Cy, plots for four time periods during the study (1998-2002, 
2003-2007, 2008-2012, and 2013-2017). Right: Mean difference in mean soil N mineralization rate 
(eCO2 - ambient COz) for C3 and Cy plots for the same four time periods. Each bar represents data pooled 
across N treatments, and across monoculture and four-species plots (equally weighted), for each functional 
group (n = 22 plots for each functional group at each COz level). Error bars represent SE among years. 


Fig. 3. Correspondence between biomass and 
net N mineralization responses to elevated CO>. 
Relationship of biomass response to eCOsz (effect 
size = biomass in eCOz2 — biomass in ambient COz) 
versus net N mineralization response to eCOz 
(defined similarly) in plots comprising C3 grasses 
(open circles) and C, grasses (solid circles). 

R* = 0.82, P = 0.0018. Each data point represents 
effect sizes for each functional group for the four 
5-year periods during the study (as in Fig. 2), based 
on the average biomass and net N mineralization 
across years in each period at each COz level. 


groups by including rainfall and rainfall inter- 
actions in the model (table S1). Thus, the reversal 
of responsiveness of C3 and C, plots to eCO, over 
time was not explained by interannual variation in 
precipitation. 

We also considered soil processes that might 
have played a role in the shifting responses of the 
Cz and C4 assemblages. Soil N supply has shaped 
the dynamics of biomass response to eCO, in the 
wider BioCON experiment (including the 9- and 
16-species mixtures) because, as predicted by multi- 
ple resource limitation theory, responses to eCO, 
were greater when N supply levels were high 
[e.g., (27)]. Hence, we asked what role soil N 
availability (using soil net N mineralization as 
an index) might play here. The response of soil 
net N mineralization to eCO, changed over time 
(Table 1, Fig. 2, and figs. S2 and S5), mirroring 
responses of biomass for the Cz and C, groups 
(Table 1). There was a significant (P = 0.046) 
interaction of CO, x year x functional group: The 
response of net N mineralization to eCO, in C, 
grass plots became more positive over time, where- 
as that of Cz grass plots became more negative 
(Table 1 and Fig. 2). 

Moreover, relationships between biomass and 
soil net N mineralization rate, in concert with the 
shifts in the response of net N mineralization to 
eCOy over time, help to explain the shifting biomass 
response to eCO, of both functional groups. Bio- 
mass and its response to eCO, were both positively 
related to net N mineralization rate: Across years, 
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biomass in both functional groups increased with 
net N mineralization (P = 0.0031; table S1), more so 
at eCO, than at ambient CO, (interaction of CO, x 
net N mineralization, P = 0.024; table Sl), and more 
so in C, than in Cz plots (interaction of CO, x func- 
tional group, P = 0.038; table S1). Given that bio- 
mass is positively related to net N mineralization, 
and that the net N mineralization response to eCO 
was increasingly positive over time in C, grass plots 
and increasingly negative in C3 grass plots, shift- 
ing soil N biogeochemistry partially explains the 
shifting biomass responses to eCOs. 

These effects can be illustrated by the signifi- 
cant positive linear relationship between the eCO, 
enhancement of biomass and the eCO, enhance- 
ment of net N mineralization for the four 5-year 
periods of the study (Fig. 3): In periods when net 
N mineralization rates were higher under eCO, 
than under ambient CO., biomass tended to be 
higher in eCO, as well (Fig. 3 and table S1). These 
results are consistent with prior results showing 
that response to eCO, in this ecosystem is par- 
tially contingent on N supply (27), with greater 
N availability tending to promote greater eCO, 
response. Overall, 20 years of observations in this 
FACE experiment suggest that the opposite direc- 
tional responses of net N mineralization to eCO, 
over time in C3 versus C, grass plots (Table 1 and 
Fig. 2) may have contributed to the reversal of C3 
and C, biomass responses to eCO, over time. Why 
these soil N cycling responses played out in this 
fashion remains an open question, however. 


Models that simulate future carbon cycling re- 
sponses at ecosystem, regional, and global scales 
assume differing sensitivities of C3; versus C, species 
to CO, based on differences in their photosynthetic 
physiology (5, 6, 8-11, 17). Although those assump- 
tions have major impacts on vegetation dynam- 
ics under varying climate and CO, scenarios 
(8-11, 29, 30), they do not match up well with the 
dynamic results of this long-term study. Our re- 
sults thus serve as a reminder that even the best- 
predicted short-term ecosystem responses to global 
change can yield mid-term (decades) to long-term 
(centuries) surprises, as complex responses and 
interactions may occur over time. Determining 
whether the mid- to long-term responses demon- 
strated here are themselves broadly predictable 
represents a major unmet challenge for experi- 
mental and observational studies. 
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Two-billion-year-old evaporites 
capture Earth’s great oxidation 


C. L. Blattler,’* M. W. Claire,”** A. R. Prave,” K. Kirsimie,” J. A. Higgins,’ 
P. V. Medvedev,® A. E. Romashkin,® D. V. Rychanchik,® A. L. Zerkle,”? 

K. Paiste,’ T. Kreitsmann,” I. L. Millar,® J. A. Hayles,° H. Bao,’° 

A. V. Turchyn,” M. R. Warke,” A. Lepland’””*? 


Major changes in atmospheric and ocean chemistry occurred in the Paleoproterozoic era 
(2.5 to 1.6 billion years ago). Increasing oxidation dramatically changed Earth’s surface, 
but few quantitative constraints exist on this important transition. This study describes 
the sedimentology, mineralogy, and geochemistry of a 2-billion-year-old, ~800-meter- 
thick evaporite succession from the Onega Basin in Russian Karelia. The deposit 
consists of a basal unit dominated by halite (~100 meters) followed by units dominated 
by anhydrite-magnesite (~500 meters) and dolomite-magnesite (~200 meters). 

The evaporite minerals robustly constrain marine sulfate concentrations to at least 

10 millimoles per kilogram of water, representing an oxidant reservoir equivalent to more 
than 20% of the modern ocean-atmosphere oxidizing capacity. These results show that 


substantial amounts of surface oxidant accumulated during this critical transition in 


Earth’s oxygenation. 


he geological record preserves evidence of 

Earth’s dynamic surface oxygenation [re- 

viewed in (J, 2)], but quantifying this his- 

tory remains a challenge. The presence or 

absence of red beds, banded iron forma- 
tions, and detrital grains of pyrite and uraninite 
(1, 3) qualitatively indicate increasing oxidation 
during the Paleoproterozoic era, and the disap- 
pearance of large-magnitude mass-independent 
fractionation (MIF) of sulfur isotopes at 2.4 to 
2.3 billion years ago (4, 5) shows that the atmo- 
sphere exceeded a redox threshold of ~1 part per 
million Po, (partial pressure of oxygen) (6, 7). 
However, this limit reflects only a tiny fraction 
of the potential surface oxidant budget and does 
not capture subsequent redox changes in the Earth 
system. Today, marine sulfate ([SO47 (aqueous) = 
28 mmol/kg) constitutes one of the largest surface 
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oxidant reservoirs, equivalent to almost twice the 
modern atmospheric O, inventory. Therefore, 
quantitative bounds on marine sulfate concen- 
trations are essential for constraining the net 
electron balance and accumulation of oxidants 
on Earth’s surface. 

Sedimentary evaporite minerals are one of 
the best archives of ancient seawater chemistry 
[e.g., (8, 9)] and specific isotopic signals [e.g., 
(10, 12D). Unfortunately, most Precambrian evap- 
orite deposits consist of pseudomorphic replace- 
ments (72), and, until recently, the oldest known 
preserved evaporitic halite and bedded sulfates 
dated from ~830 million years ago (13, 14) and 
~1.2 billion years ago (15), respectively. This study 
presents analyses from a remarkably preserved 
~2.0-billion-year-old marine evaporite succession 
bearing carbonates, sulfates, halites, and bittern 
salts. This succession was discovered during the 
2007-2009 drilling of the Onega Parametric Hole 
(OPH), which intersected 2.9 km of Paleoprotero- 
zoic sedimentary and volcanic rocks and 600 m 
of Archean gneiss in the Onega Basin, Karelia, 
Russia (J6, 17). By extending the record of exten- 
sive marine evaporites by almost a billion years, 
core samples from the OPH provide a window 
into surface conditions and redox balance in the 
aftermath of the initial rise of oxygen on Earth. 

The interval of the OPH presented here lies 
between 2940 and 2115 m depth and corresponds 
to the ~2.0-billion-year-old Tulomozero Forma- 
tion (age discussed in the supplementary mate- 
rials). In other cores and outcrop exposures, this 
formation contains abundant pseudomorphic re- 
placements of evaporite minerals (78, 19); original 
evaporite minerals are only preserved in the OPH 
where they define three major units. Unit 1 (2940 
to 2833 m; 40% average core recovery in cored 
intervals) comprises dark red-pink, recrystallized 
halite with intraclasts of anhydrite, magnesite, and 
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Fig. 1. Representative evaporite rocks of the 
Tulomozero Formation in the OPH. (A) Cored 
intervals of halite with rounded gray intraclasts 
consisting of mudstone, anhydrite, and magnesite 
(box length is 1 m; 2900 m depth). (B) Halite 
with felted anhydrite grains and anhydrite- 
magnesite intraclasts (2854 m depth). 

(C) Magnesite-anhydrite (white) and halite 
overlain sharply by laminated red-gray mudstone 
with desiccation cracks; a magnesite-anhydrite 
bed is infilling a compacted desiccation crack 

at the top of the image (2528 m depth). 

(D) Laminated fine-grained dolostone (2304 m 
depth). White scale bars are 1 cm in length. 


mudstone (Fig. 1, A and B), including ~10% various 
magnesium- and potassium-sulfate salts (Fig. 2). 
Unit 2 (2833 to 2330 m; 56% average core recov- 
ery in cored intervals) consists of decimeter- to 
meter-scale interlayered anhydrite, magnesite, 
and laminated dark gray to red mudstone (Fig. 
1C) with minor glauberite, gypsum, and halite in 
its lower part. Unit 3 (2330 to 2115 m; 44% aver- 
age core recovery in cored intervals) is typified 
by pink-tan, commonly microbially laminated 
dolostone (Fig. 1D), laminated red-brown-gray 
mudstone, and variable amounts of magnesite; 
quartz and dolomite pseudomorphs of calcium- 
sulfate minerals occur throughout the lower half 
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Fig. 2. Interpretive stratigraphy of the Tulomozero Formation in the OPH 
and associated mineralogical and geochemical data. Calcium isotope data 
for samples influenced by former aragonite are shown by open circles with 


of this unit, forming laths, nodules, discs, swallow- 
tail crystals, and chicken-wire fabric (fig. S2). 

Considering the Tulomozero Formation’s fea- 
tures in the OPH and its development across 
the 18,000 km? of the Onega Basin (18, 19), the 
interpreted depositional setting is a restricted 
marine embayment with sabkha-coastal plain 
and shallow-marine environments (fig. S3). The 
OPH succession captures a decreasing degree of 
evaporation, from a state of halite and magnesium- 
and potassium-sulfate saturation (unit 1) through 
calcium-sulfate deposition (unit 2) and then to 
dolostone precipitation typical of a more open- 
marine setting (unit 3). The extent, thickness 
(>800 m in the OPH core), and mineral sequence 
of the evaporite succession are comparable to 
those of Phanerozoic evaporite basins. 

The isotope geochemistry of the OPH evap- 
orites presents an opportunity to investigate 
Earth’s ocean-atmosphere system ~2.0 billion 
years ago (Fig. 2). Quadruple sulfur isotope analy- 
ses of samples from units 1 and 2 reveal A*°S and 
A*SS values that are indistinguishable from zero, 
confirming that the atmosphere was oxic (6, 7) 
and that production of the Tulomozero Forma- 
tion sulfate occurred well after that atmospheric 
transition. Triple oxygen isotope measurements 
of sulfates yield resolvably negative A’’O values. 
Oxygen MIF derived from atmospheric O3/O2 
photochemistry (20) cannot be ruled out, but the 
small-magnitude AO signals preclude a unique 
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interpretation (supplementary materials), and a 
quantification of Po, is not possible. 

The mass-dependent behavior of sulfur and 
calcium isotopes provides compositional con- 
straints on ancient seawater. Sulfate &°“S values 
lie between 5 and 7 per mil (%o), except for the 
uppermost sample in unit 2 (discussed further 
in the supplementary materials). Given the small 
48 enrichment during sulfate evaporite forma- 
tion (10), the seawater sulfate 5°*S composition 
is estimated to have been 4 to 6%o during depo- 
sition of units 1 and 2. The homogeneous sulfur 
isotopic composition across ~400 m of OPH 
stratigraphy and the composition and sheer vol- 
ume of evaporite minerals suggest that the OPH 
evaporites must have derived from seawater and 
preserve robust, primary isotopic signals. Addi- 
tionally, the presence of halite and highly soluble 
bittern salts in unit 1 argues against interaction 
with large volumes of fluid and supports the 
interpretation of primary isotopic ratios for the 
major mineral-forming elements. Calcium iso- 
tope ratios show a clear stratigraphic relation- 
ship following mineralogical trends, with the 
highest 5**/4°Ca values in unit 1, decreasing 
values in unit 2, and even lower values in unit 3. 
Three samples in unit 3 with the lowest 3*4/*"Ca 
values (-1.6 to -1.4%o, relative to modern sea- 
water) also exhibit relatively high strontium con- 
tent, with one sample containing minor relict 
aragonite; these observations indicate that the 
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crosses. Additional 8°4S data (gray filled circles) are from (30). Fms, formations; 
cc, calcite; arag, aragonite; dol, dolomite; SW, seawater; VCDT, Vienna Canyon 
Diablo Troilite. Methods are described in the supplementary materials. 


bulk sediment likely contained primary arago- 
nite that has now largely been converted to other 
carbonate minerals (supplementary materials). 
Excluding those samples associated with arag- 
onite, where mineralogy rather than evaporitic 
processes is the first-order control on calcium 
isotope ratios, the increase in 8**/*°Ca values 
in the more highly evaporated facies is consist- 
ent with evaporite precipitation driving iso- 
topic distillation of calcium, the magnitude of 
which is sensitive to the initial composition of 
seawater (27). 

An estimate for seawater sulfate concentra- 
tions ~2.0 billion years ago can be derived from 
the observed sequence, mineralogy, and calcium 
isotope ratios of the OPH evaporites (Fig. 3). 
Constraints were assessed by comparison with 
batch evaporation simulations with varying ini- 
tial ion concentrations. The relative concentra- 
tions of calcium and sulfate are the principal 
controls governing the precipitation sequence 
that is expressed in the OPH—as in modern 
evaporites—of carbonates (unit 3) followed by 
calcium sulfates (unit 2), halite, and eventually 
magnesium sulfates (unit 1). As such, the OPH 
preserves a reversed evaporite sequence where 
the degree of evaporation decreases stratigraph- 
ically upward, progressing from the most evolved 
brine at the base of the Tulomozero Formation 
toward more open-marine conditions. During a 
forward evaporite sequence, calcium precipitates 
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Fig. 3. Constraints on seawater chemistry during deposition of the Tulomozero Formation. 
Filled circles show results from batch evaporation simulations with variable calcium and sulfate 
concentrations; all other ions were as in modern seawater. Small open circles indicate failure 

to precipitate gypsum before halite. The color of filled circles indicates the fraction of initial calcium 
(fea) removed at halite saturation. The conversion of fc, to 844/4°Ca range is based on a Rayleigh 
distillation model with a = 0.99905 (supplementary materials). M and S identify the compositions of 
modern and estimated Silurian seawater (8), respectively. Lines indicate constraints from OPH 
observations (arrows give directionality), and the blue shaded region shows the range of seawater 


compositions consistent with these constraints. 


as sulfate minerals and minor carbonate with an 
isotopic fractionation, so that calcium in the re- 
maining brine becomes enriched in the heavier 
isotopes through Rayleigh distillation. If suffi- 
cient sulfate is present to remove a large fraction 
of the original calcium content of seawater, later 
calcium-bearing phases can record large 8“*/#°Ca 
enrichments (27). The ~1%o 5“*/*°Ca range cap- 
tured in the OPH between shallow-marine car- 
bonates in unit 3 and halite-hosted anhydrite in 
unit 1 therefore places a lower limit on sulfate 
concentrations. Together with mineralogical con- 
straints, and assuming modern concentrations 
of other major ions and a conservative interpre- 
tation of 5“*/*°Ca values (but see the supple- 
mentary materials for further discussion), the 
minimum sulfate concentration consistent with 
these observations is ~10 mmol/kg (Fig. 3). 
The OPH core provides quantitative evidence 
that marine sulfate concentrations ~2.0 billion 
years ago were at least a third those of modern 
seawater. This constraint validates assertions that 
a large Paleoproterozoic sulfate reservoir existed 
(18, 22) and increases fourfold the previous lower 
bound of 2.5 mmol/kg, derived from observing 
that gypsum evaporites precipitated before halite 
(22, 23). Although the ancient ocean volume is 
unknown, a sulfate concentration of 10 mmol/kg 
in a modern-sized ocean represents an oxidant 
reservoir equivalent to 23% of the present ocean- 
atmosphere oxidizing capacity (or 62% of the 
present atmospheric O, inventory). The growth 
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of such a reservoir from a sulfate concentration 
of <200 umol/kg in the Neoarchean (24) would 
account for a net redox imbalance of at least 8 
to 24 x 10° mol/year in equivalent moles of O, 
produced or organic carbon buried over 100 to 
300 million years. The accumulation of such a 
sizable fluid oxidant reservoir within the given 
time constraints, compared with estimates of 
modern organic carbon burial [5 x 10” mol/year 
(25)], can be explained by either a large and rapid 
decline in reductant sinks (i.e., sulfide) or a pro- 
longed 2 to 5% imbalance over 108-year time 
scales. In either case, the observations suggest 
that a sustained increase in net O, production 
occurred in the Paleoproterozoic. 

The geologically rapid growth of a massive sul- 
fate reservoir, with or without a commensurate 
increase in atmospheric Os, also has implications 
for feedbacks between the global biogeochem- 
ical cycles of O2 and CO, and Earth’s climate. In 
particular, the oxidation of large amounts of re- 
duced sulfur requires additional sources of car- 
bon to offset the inferred organic carbon burial 
(the initial source of oxygen) and prevent cata- 
strophic cooling (26). Models for Earth’s oxi- 
dation must balance these considerations, as 
well as the new evidence for a substantial oxi- 
dant reservoir in the form of marine sulfate. Ad- 
ditionally, although sulfate likely represented 
the largest oxidant reservoir during deposition 
of the Tulomozero Formation, its concentra- 
tion subsequently decreased, so that evaporites 


20 April 2018 


3. H. Holland, in Early Life on Earth: Nobel Symposium, No. 84 
(Columbia Univ. Press, 1994). 

4. J. Farquhar, H. Bao, M. Thiemens, Science 289, 756-759 
(2000). 
5. G. Luo et al., Sci. Adv. 2, e1600134 (2016). 
6. A.A. Pavlov, J. F. Kasting, Astrobiology 2, 27-41 (2002). 
7. K. Zahnle, M. Claire, D. Catling, Geobiology 4, 271-283 
(2006). 

8. T. K. Lowenstein, M. N. Timofeeff, S. T. Brennan, L. A. Hardie, 
R. V. Demicco, Science 294, 1086-1088 (2001). 

9. J. Horita, H. Zimmermann, H. D. Holland, Geochim. 
Cosmochim. Acta 66, 3733-3756 (2002). 

0. G. E. Claypool, W. T. Holser, |. R. Kaplan, H. Sakai, |. Zak, 
Chem. Geol. 28, 199-260 (1980). 

1. H. Bao, J. R. Lyons, C. Zhou, Nature 453, 504-506 (2008). 

2. M.C. Pope, J. P. Grotzinger, J. Sediment. Res. 73, 280-295 
(2003). 
3. N. Spear et al., Geology 42, 103-106 (2014). 
. J. F. Lindsay, Geol. Soc. Am. Bull. 99, 852 (1987). 
. L. C. Kah, T. W. Lyons, J. T. Chesley, Precambrian Res. 111, 
203-234 (2001). 
6. A. F. Morozov et al., Dok/. Earth Sci. 435, 1483-1486 
(2010). 
. V. A. Krupenik, K. Y. Sveshnikova, in The Onega Palaeoproterozoic 
Structure (Geology, Tectonics, Deep Structure and Minerogeny) 
(in Russian), L. V. Glushanin, N. V. Sharov, V. V. Shchiptsov, Eds. 
(Institute of Geology, Karelian Research Centre of the Russian 
Academy of Sciences, 2011), pp. 190-195. 
18. V. A. Melezhik, A. E. Fallick, D. V. Rychanchik, A. B. Kuznetsov, 
Terra Nova 17, 141-148 (2005). 

19. A. T. Brasier, A. E. Fallick, A. R. Prave, V. A. Melezhik, 
A. Lepland, Precambrian Res. 189, 193-211 (2011). 

20. X. Cao, H. Bao, Proc. Natl. Acad. Sci. U.S.A. 110, 14546-14550 
(2013). 

21. C. L. Blattler, J. A. Higgins, Geology 42, 711-714 (2014). 

22. M. Reuschel et al., Precambrian Res. 192-195, 78-88 
(2012). 

23. S. Schréder, A. Bekker, N. J. Beukes, H. Strauss, 
H. S. van Niekerk, Terra Nova 20, 108-117 (2008). 

24. K. S. Habicht, M. Gade, B. Thamdrup, P. Berg, D. E. Canfield, 
Science 298, 2372-2374 (2002). 

25. R. A. Berner, D. E. Canfield, Am. J. Sci. 289, 333-361 
(1989). 

26. A. Bachan, L. R. Kump, Proc. Natl. Acad. Sci. U.S.A. 112, 
6562-6567 (2015). 
27. J. P. Grotzinger, J. F. Kasting, J. Geol. 101, 235-243 (1993). 
28. N. J. Planavsky, A. Bekker, A. Hofmann, J. D. Owens, 
T. W. Lyons, Proc. Natl. Acad. Sci. U.S.A. 109, 18300-18305 
(2012). 

29. A. Bekker, H. D. Holland, Earth Planet. Sci. Lett. 317-318, 
295-304 (2012). 

30. V. A. Krupenik, A. M. Akhmedov, K. Y. Sveshnikova, 
in The Onega Palaeoproterozoic Structure (Geology, Tectonics, 
Deep Structure and Minerogeny) (in Russian), L. V. Glushanin, 
N. V. Sharov, V. V. Shchiptsov, Eds. (Institute of Geology, 
Karelian Research Centre of the Russian Academy of 
Sciences, 2011), pp. 250-255. 


as 


N 


3 of 4 


8102 ‘zz Judy uo /Bio Beweoueldssoua!0s//:dijy Woy papeojumoq 


RESEARCH | REPORT 


ACKNOWLEDGMENTS 


Thanks to T. H. Bui for assistance with sulfur isotope analyses 
and B. A. Wing for helpful discussions. This work was supported by 
a grant from the Simons Foundation (SCOL 339006 to C.L.B.) and 
by the European Research Council (ERC Horizon 2020 grant 
678812 to M.C.), the Research Council of Norway (RCN Centres of 
Excellence funding scheme project 223259 to K.P. and A.L.), the 
Estonian Science Agency (PUT696 to K.K., A.L., K.P., and T.K.), and 
Princeton University (to J.A.H.). Core material from the OPH is 


maintained by the Institute of Geology, Karelian Research Centre, 
Petrozavodsk, Russia. Data presented in this study are available in 
the supplementary materials. 


SUPPLEMENTARY MATERIALS 


www.sciencemag.org/content/360/6386/320/suppl/DC1 
Materials and Methods 
Supplementary Text 


Blattler et al., Science 360, 320-323 (2018) 20 April 2018 


Figs. S1 to S14 
Table S1 
References (31-79) 
Data S1 and S2 


19 October 2017; accepted 7 March 2018 
Published online 22 March 2018 
10.1126/science.aar2687 


4 of 4 


810 ‘zz Judy uo /Bio Beweoueldssoua!0s//:dijy Woy papeojumoq 


RESEARCH 


STRUCTURAL BIOLOGY 


Structure of a prehandover 
mammalian ribosomal SRP-SRP 
receptor targeting complex 


Kan Kobayashi,'* Ahmad Jomaa,'* Jae Ho Lee,” Sowmya Chandrasekar,” 
Daniel Boehringer,’ Shu-ou Shan,” Nenad Ban'+ 


Signal recognition particle (SRP) targets proteins to the endoplasmic reticulum (ER). SRP 
recognizes the ribosome synthesizing a signal sequence and delivers it to the SRP receptor (SR) 
on the ER membrane followed by the transfer of the signal sequence to the translocon. Here, 
we present the cryo-electron microscopy structure of the mammalian translating ribosome 

in complex with SRP and SR in a conformation preceding signal sequence handover. The 
structure visualizes all eukaryotic-specific SRP and SR proteins and reveals their roles in 
stabilizing this conformation by forming a large protein assembly at the distal site of SRP RNA. 
We provide biochemical evidence that the guanosine triphosphate hydrolysis of SRP-SR is 
delayed at this stage, possibly to provide a time window for signal sequence handover to 


the translocon. 


n eukaryotes, nascent secretory and mem- 

brane proteins are cotranslationally targeted 

to the endoplasmic reticulum (ER) membrane 

by the universally conserved signal recogni- 

tion particle (SRP) and its receptor (SR) (1-3). 
SRP recognizes the N-terminal signal sequence 
of the nascent chain on ribosomes synthesizing 
membrane or secretory proteins (4-6). Subse- 
quently, through interactions with the membrane- 
anchored SR, the ribosome-nascent chain complex 
(RNC) is delivered to the Sec translocon (Sec61p) 
on the ER membrane (7, 8). 

The eukaryotic SRP targeting machineries are 
considerably more complex than their bacterial 
counterparts (9, 10). The eukaryotic SRP contains 
a larger SRP RNA (7SL for mammals) composed 
of S and Alu domains (77) and six eukaryotic 
proteins (SRP9, SRP14, SRP19, SRP54, SRP68, 
and SRP72) (J), out of which only SRP54 is uni- 
versally conserved. SRP54 binds the ribosomal 
tunnel exit and the signal sequence through its 
NG (72) and M domains (3), respectively. Eukary- 
otic SR is a heterodimer of SRa and eukaryotic- 
specific SRB integrated into the ER membrane 
(14, 15). SRo contains a universally conserved 
NG domain, a flexible linker, and a eukaryotic- 
specific SRX domain that complexes with SRB 
(16). The NG domains of SRP54 and SRa inter- 
act in a guanosine triphosphate (GTP)-dependent 
manner to form the NG heterodimer (/7, 18), thus 
delivering translating ribosomes to the ER. 

By analogy to the bacterial SRP pathway (29, 20), 
it is assumed that the GTP-bound NG hetero- 
dimer of SRP-SR relocates from the ribosomal 
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tunnel exit to the distal region of the SRP RNA 
where GTP is hydrolyzed. This conformational 
change might be necessary for the attachment 
and signal sequence handover to the Sec6lIp trans- 
locon (18, 27). Both SRP68 and SRP72 proteins 
are likely to be involved in distal site interac- 
tions and GTP hydrolysis based on their positions 
on the SRP RNA (J8, 22) and because chemical 
modification of these proteins severely represses 
membrane targeting activity (23). Previous studies 
also suggested roles of the eukaryotic-specific 
SR components SRX and SRB in guanosine tri- 
phosphatase (GTPase) regulation (24) and sig- 
nal sequence handover to the Sec6Ip translocon 
(25, 26), respectively. However, the implications 
of the mechanistic and architectural differences 
between the bacterial and eukaryotic SRP sys- 
tems have been difficult to rationalize. We set out 
to obtain structural information on the com- 
plete eukaryotic protein targeting complex on 
the translating ribosome. 

The mammalian SRP-SR-RNC targeting com- 
plex was assembled in the presence of 5'-guanylyl 
imidodiphosphate (GMPPNP), and its structure 
was determined using single-particle cryo-electron 
microscopy (cryo-EM) at 3.7-A resolution on av- 
erage (Fig. 1 and figs. S1 and S2). The densities of 
SRP and SR were resolved around 4.5- to 10-A 
resolution (fig. S2, C and D), and the SRP RNA is 
visualized in its entirety (Fig. 1A and fig. S2C). At 
the Alu domain, the SRP RNA and SRP9/14 con- 
tact ribosomal subunit interface to arrest transla- 
tion as previously observed (27) (fig. S3, A and B). 
In the S domain, the ribosomal tunnel exit has 
the density for the SRP54 M domain bound to 
the signal sequence (Fig. 1B and figs. $3, C and D, 
and S4A) but lacks that for its NG domain (Fig. 1, 
A and B), consistent with previous cryo-EM struc- 
tures of the SRP-SR-RNC complex (21, 28, 29). 
Instead, a large density is visible at the distal 
region of the SRP RNA (Fig. 1A), where we can 
dock previously reported crystal structures of SRP 
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and SR proteins (Fig. 1B and figs. S4 and S5) 
(18, 22, 30, 31). This structure reveals an ar- 
chitecture of the entire mammalian SRP-SR-RNC 
complex (Fig. 1, B and C). 

Compared with the structure of the SRP-RNC 
complex without the receptor (27), the SRP RNA 
lifts away from the ribosomal tunnel exit by 
~12 A (fig. S6), which would facilitate the transfer 
of the signal sequence to the Sec61p translocon. 
At the distal site of the SRP RNA, the NG het- 
erodimer binds to the SRP RNA at a different 
angle compared with its bacterial counterpart 
(29) (fig. S7), leading to additional contacts with 
the SRP RNA, the ribosome, the SRP proteins, 
and SR (Fig. 2 and fig. S8, A to C). The linker be- 
tween NG and M domains (GM-linker) of SRP54 
connecting its NG and M domains, which forms 
a helix in the bacterial complex, is flexibly dis- 
posed and is not visible in the map (Fig. 1B and 
fig. S7). The resolution of the SRP RNA at the 
contact site with the NG heterodimer is ~4.5 A 
(fig. S2C), resolving the phosphate backbone 
of the SRP RNA along with a flipped-out base 
stacking with Phe*®® of the NG domain of SRa 
in the GTPase active site (figs. S2D and S9). The 
position of this flipped-out base corresponds 
to that of the universally conserved G232 (bac- 
terial G83) (22, 31, 32). The interactions between 
the SRa NG domain and the SRP RNA, including 
the contacts formed by the flipped-out base 
and the surrounding helices of the NG domain, 
are similar to the interactions seen for the 
GTPase-activated bacterial complex (32) (figs. 
S8C and S9). The SRa NG domain also inter- 
acts with the SRP68 RBD (Fig. 2 and fig. S8O), 
whereas the extended loop of SRP68 RBD 
makes contact with the 28S ribosomal RNA 
(rRNA) (fig. S8D). 

In the mammalian targeting complex, the NG 
heterodimer at the SRP RNA distal site is locked 
in position by extensive interactions with SRX-SRB, 
which bridges the SRP68 RBD and the NG hetero- 
dimer (Figs. 1, B and C, and 2, and figs. $4, C and 
D, and S7). The cytosolic domain of SRB belongs 
to the Ras GTPase superfamily (/4) and forms a 
heterodimer with SRX in the GTP-bound form 
(33, 34). The interaction interface of SRB to SRX 
has similarity to the binding site of Ras to its 
GTPase activator GAP-334, although SRX alone 
does not activate the GTPase of SRB (30). In the 
structure of the targeting complex, SRo NG fur- 
ther extends the interaction interface of SRB in a 
similar manner as observed in the structure of 
the Ras-GAP-334 complex (35) (fig. S10), but, in 
contrast to GAP-334, no elements from either 
SRX or the SRa NG domain are in direct con- 
tact with the SRB-bound GTP (fig. S10). It appears 
that SRB does not hydrolyze GTP even in this 
conformation and that GTP-bound SRB may 
rather provide the eukaryotic-specific stabilizing 
effect on the NG heterodimer binding at the 
SRP RNA distal site. Thus, SRX-SRB and SRP68 
RBD form a platform to stably dock the NG 
heterodimer at the distal site of SRP RNA to 
enable signal sequence handover to the Sec61p 
translocon at the exposed ribosomal tunnel 
exit. 
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Fig. 1. Architecture of the mammalian 
SRP-SR-RNC complex. (A) The cryo-EM 

map of SRP-SR-RNC complex low-pass filtered 
to 3.7-A resolution is shown. SRP-SR and 
ribosomal 40S and 60S subunits are colored 
magenta, yellow, and light blue, respectively. 
(B) Overall structure model of SRP S domain 
bound to SR on RNC fitted into the map. 

The cryo-EM map low-pass filtered to 6-A 
resolution is colored gray. Models are shown in 
the cartoon. The ribosome and SRP RNA are 
colored gray and orange, respectively. The signal 
sequence (SS) is colored red, and protein 
components of SRP and SR are colored based 
on their domain architectures [SRP19, salmon; 
SRP54 NG, light blue; SRP54 M, cyan; SRP68 
RNA binding domain (RBD), magenta; SRP68 
protein binding domain (PBD), light pink; SRP72 
PBD, green cyan; SRP72 RBD, limon; SRa SRX, 
yellow; SRa NG, lime; SRB, wheat]. (C) The 
structure model of SRP S domain and SR on 
the RNC from two opposite directions. The 
ribosome and SRP RNA are shown as spheres, 
and the signal sequence and protein compo- 
nents of SRP and SR are shown in the cartoon. 
Models are colored as in Fig. 1B, but bases of 
SRP RNA are colored light orange. The two 
GMPPNP molecules bound to NG heterodimer 
and a GTP molecule bound to SRB are shown as 
red spheres. The positions of these molecules 
are based on the previous crystal structures 
(PDB ID: 5L3Q and 2FH5) (18, 30). (D) Sche- 
matic diagram of SRP and SR (left) and the 
domain architecture of SRP and SR proteins 
(right). SRP and SR components are colored as 


Alu. 
domain 


| S domain 


a 


SRP54 NG 


SRP68 RBD 


SRP68 PBD 
SRP72 PBD 


SRX NG 


SRB 1) [271 


in Fig. 1B. The interaction between NG domains of SRP54 and SRa is depicted in an arrow. In the right panel, regions shown as blank boxes are not 
modeled in the structure. The N terminus of SRB, shown as a blank box with a dashed line, depicts the luminal and transmembrane regions and is not 


included in the purified construct of SR. 


At the distal site of SRP RNA, the SRP72 RBD 
can be observed extending from the SRP RNA to 
the ribosome surface, where it approaches a hair- 
pin of the ribosomal protein uL3 (fig. S4F). The 
C-terminal region of SRP72 RBD was proposed 
to form an alpha helix (C4 helix) and mediate 
interactions with the 28S rRNA (C4 contact) (fig. 
S11A) (22). However, in our map, it appears that 
the C-terminal region of the SRP72 RBD rather 
extends toward the SRP-SR NG heterodimer in- 
terface and interacts with the two stacking resi- 
dues in the GTPase active site, G232 of the SRP 
RNA and Phe*”® of SRa (Fig. 3, A and B, and figs. 
S9A and SIIB). Thus, a eukaryotic-specific GTPase 
regulation mechanism may involve a protein 
component of the SRP (SRP72) in addition to 
the SRP RNA. To determine whether mutations 
in SRP72 affect the GTPase activity of the target- 
ing complex, we prepared SRP variants harbor- 
ing mutation or deletion in the SRP72 C-terminal 
region containing the C4 helix (Arg®*°-Gin®? 
based on the human numbering) (fig. S12A). All 
tested SRP mutants were active in translation ar- 
rest and membrane targeting in vitro (fig. S13), 
indicating that they were not defective in ribo- 
some interactions. GTPase assays of SRP:SRapATM 
dacking nonessential luminal and transmembrane 
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regions of SRB) complexes assembled with the 
ribosome and signal sequence showed that, un- 
expectedly, all the SRP variants exhibited enhanced 
GTPase activity compared with wild-type SRP 
(Fig. 3C and fig. S14). Enhanced GTPase activity 
was also observed when we modified SRP RNA 
by mutating the flipped-out G232 into A (G232A) 
or by closing the SRP RNA 5f-loop (AA231, G232U) 
(Fig. 3D and figs. S12B and S14), and the highest 
GTPase activity was observed by combining the 
mutations on the SRP RNA and SRP72 (Fig. 3D 
and fig. S14). In addition, an SRX-SRB-deletion 
mutant of SR (SRaAX) also exhibited a two-fold 
more enhanced GTPase activity than SRaBATM 
(Fig. 3C). Thus, eukaryotic-specific interactions 
at the SRP RNA distal site delay GTP hydrolysis, 
in contrast to the bacterial system, where distal 
site interactions between SRP RNA and NG 
heterodimer stimulate GTP hydrolysis (20, 32). 
The delay of GTP hydrolysis by the SRP-SR NG 
heterodimer at the distal site of the SRP RNA 
may provide a eukaryotic-specific regulatory role. 
Interestingly, it was reported that the C-terminal 
region of SRP72 is cleaved during apoptosis, further 
supporting its possible role in regulating the target- 
ing process (22, 36). We propose that the current 
structure represents a “prehandover” complex of 
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SRP-SR at the SRP RNA distal site, which allows 
docking of the Sec6Ip translocon onto the exposed 
ribosomal tunnel exit. Delayed GTP hydrolysis in 
this state might provide a longer time window 
for the nascent polypeptide to engage the Sec61p 
translocon, which was proposed to be slow in 
eukaryotic systems (37), before the detachment of 
SRP and SR from RNC. Indeed, the mammalian 
Sec61p translocon reduces the GTPase activity of 
SRP-SR in the presence of RNC (38). 

In conclusion, this study reveals the roles of 
eukaryotic-specific components of the SRP 
and SR proteins in the mammalian targeting 
process. This process starts by the recogni- 
tion of the signal sequence by SRP at the exit 
of the ribosomal tunnel and formation of the 
SRP54-SRo NG heterodimer in the presence of 
GTP (Fig. 4, A and B). The NG heterodimer then 
relocates to the SRP RNA distal site, where it 
forms a large complex stabilized by interac- 
tions with the eukaryotic-specific components 
of the SRP and SR together with SRP RNA (Fig. 
4C). At this stage, the GTP hydrolysis of the NG 
heterodimer is delayed to provide a time window 
for the signal sequence handover from SRP to 
the Sec6l1p translocon at the exit of the ribosomal 
tunnel. 
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Fig. 2. Assembly of the NG heterodimer, 
SRP68 RBD, and SRX-SRf at the SRP 

RNA distal site. (A) Surface representation 

of the NG heterodimer, SRP68 RBD, SRX-SRB 
at the SRP RNA distal site from two perpendicular 
directions. SRP RNA is shown in the cartoon. 
Other components are omitted for clarity. 
Models are colored as in Fig. 1B. (B and C) The 
interaction between NG heterodimer, SRP68 
RBD, and SRX-:SRB. Proteins are shown in the 
cartoon and colored as in Fig. 1B. A GTP 
molecule bound to SR is also shown as in 

Fig. 1C. Secondary structure elements of 
proteins are labeled. 


Fig. 3. The GTPase regulation of mammalian 
SRP-SR on RNC. (A) The structure model of the 
NG heterodimer GTPase active site shown as in 
Fig. 1C. Components other than the NG hetero- 
dimer, SRP RNA, SRP72 RBD, and ribosome 

are omitted for clarity. (B) Close-up view of (A). ; | | | 
Two GMPPNP molecules, Phe*°° of SRa NG, and RY) IS SRP72°RBD 
flipped-out G232 of SRP RNA are shown in the a ‘ 

stick model. (©) GTPase rate constants of 

the SRP-SR complex formed by wild-type human 
SRP (hSRP) with SRaBATM, SRPs bearing indi- 
cated SRP72 (h72) mutations with SRaBATM, 

and wild-type SRP with SRaAx. All measurements 
were carried out with SRP54 fused to a model 
signal sequence and with the 80S ribosome 
present. The values of Kcat were derived using 
analysis as shown in fig. S14. See the supplemen- 


= : 
C-=terminal,region 


tary materials for details. (D) GTPase rate constants Cc D 

of the SRP-SR complex containing wild-type hu- GTPase activity, GTPase activity, 
man SRP and SRPs bearing indicated SRP RNA hSRP protein mutants hSRP RNA mutants 
mutations. The last two columns show the GTPase 30 i 
rate constants with SRPs containing mutations I 


in both SRP72 (h72) and SRP RNA. All mea- 
surements used SRoBATM and were carried out 
with SRP54 fused to a model signal sequence 
and with the 80S ribosome present. The values 
of keat Were derived using analysis as shown 

in fig. S14. Data were reported as mean + SD, 
with n = 3 to 6 in (C) and (D). 
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Fig. 4. Schematic diagram of the mammalian 
targeting system. (A) In the SRP-RNC com- 
plex, the SRP54 NG domain occupies the 
ribosomal tunnel exit. SR is anchored to the 
ER membrane through the transmembrane helix 
(TM) of SRB, whose cytosolic domain binds 

the SRX domain of SRa connected to the NG 
domain through the long linker. (B) The SRP54 NG 
domain initially binds SRa at the ribosomal 
tunnel exit, forming the NG heterodimer in the 
presence of GTP, which then relocates to the 
distal site of SRP RNA. (C) At the distal site of 
SRP RNA, SRX-SRB together with SRP68 RBD 
accommodates the NG heterodimer. The 
GTPase active site of the NG heterodimer is 
pointed by the red triangle (left panel). The 
schematic diagram of the GTPase active 

site conformation is shown in the right panel. 
At this stage, the GTP hydrolysis is delayed 

by SRX:SRB, SRP72 RBD, and SRP RNA, possi- 
bly to keep RNC on the membrane with its 
tunnel exit exposed for the handover of 

the signal sequence from SRP to the Sec6lp 
translocon. 
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Paternally inherited cis-regulatory 
structural variants are associated 
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The genetic basis of autism spectrum disorder (ASD) is known to consist of contributions 
from de novo mutations in variant-intolerant genes. We hypothesize that rare inherited 
structural variants in cis-regulatory elements (CRE-SVs) of these genes also contribute 
to ASD. We investigated this by assessing the evidence for natural selection and 
transmission distortion of CRE-SVs in whole genomes of 9274 subjects from 2600 families 
affected by ASD. In a discovery cohort of 829 families, structural variants were depleted 
within promoters and untranslated regions, and paternally inherited CRE-SVs were 
preferentially transmitted to affected offspring and not to their unaffected siblings. The 
association of paternal CRE-SVs was replicated in an independent sample of 1771 families. 
Our results suggest that rare inherited noncoding variants predispose children to ASD, 


with differing contributions from each parent. 


icroarray and exome sequencing studies 

over the past decade have demonstrated 

that de novo protein-altering variants 

contribute to ~25% of cases of autism 

spectrum disorder (ASD) (J, 2). Much of 
the allelic spectrum of ASD genetics has been 
unexplored, particularly variants that lie outside 
of protein coding sequences of genes. Recent 
studies have made great progress in identify- 
ing regulatory elements throughout the genome 
(3, 4). The next challenge is to identify ASD risk 
variants affecting genetic regulatory elements. 
However, deleterious cis-regulatory variants are 
not easily distinguishable from the vast background 
of neutral variation in the genome. Therefore, 
initial applications of whole-genome sequencing 
(WGS) in ASD have so far been underpowered to 


detect the association of rare cis-regulatory single- 
nucleotide variants (SNVs) with ASD (5-7). 

Structural variants (SVs), such as deletions, 
duplications, insertions, and inversions (8), are 
more likely than SNVs to affect gene regulation 
because of their potential to disrupt or rearrange 
functional elements in the genome. Recent WGS 
efforts led by the 1000 Genomes Consortium and 
our group have revealed thousands of rare SVs 
in each genome that were previously undetectable 
with microarray or exome sequencing technol- 
ogies (8, 9). 

Here, we investigate the contribution of cis- 
regulatory SVs (CRE-SVs) to autism in three stages: 
(i) selection of target functional categories based 
on evidence of SV-intolerance; (ii) association 
tests of cis-regulatory elements in a primary WGS 


data set; and (iii) preregistered replication in 
an independent cohort. 

Our discovery data set consisted of whole- 
genome sequencing (mean coverage = 42.6X) of 
829 families, comprising 880 affected individ- 
uals, 630 unaffected individuals, and their par- 
ents (table S1). A majority of the subjects in the 
discovery sample were selected on the basis that 
they had previously screened negative for de novo 
loss of function mutations or large copy number 
variants from exome sequencing (2) and micro- 
array (10) studies. The ascertainment of this 
sample was therefore designed to eliminate the 
well-established categories of genetic risk and 
thereby to enrich for novel inherited and non- 
coding risk variants. 

We developed a pipeline for genome-wide 
analysis of SV that consisted of complementary 
methods for SV discovery (fig. S1). A key inno- 
vation was the development of SV”, a support- 
vector machine-based software for accurately 
estimating genotype likelihoods from short-read 
WGS data, which enabled accurate genotyping 
of SVs in families with a detection limit of >100 
base pairs (bp) (72). An average of 3746 SVs were 
detected per individual, including biallelic dele- 
tion, tandem duplications, inversions, four classes 
of complex SV, and four families of mobile ele- 
ment insertion (summarized in figs. S2 and $3 
and table S2). The overall false discovery rate 
(FDR) was estimated from Illumina 2.5 M single- 
nucleotide polymorphism (SNP) array data to 
be 4.2% for deletions and 9.4% for duplica- 
tions (fig. S4 and table S3). SVs were also vali- 
dated through nanopore WGS of three individuals 
at a mean coverage of 7X to 9X (table S3). Private 
deletions and duplications >100 bp in length 
displayed low Mendelian error rates and 50% 
transmission to offspring (fig. S4). 

Measures of functional constraint that are 
based on population data are useful metrics for 
predicting the pathogenicity of rare variants. For 
example, genes that display strong negative se- 
lection against loss-of-function variants in the 
general population, as assessed by the Exome 
Aggregation Consortium (ExAC) (72), are highly 
enriched in de novo mutations in children with 
ASD (13), and the vast majority of known autism 
genes display loss-of-function intolerance scores 
(pLI) above the 90th percentile for all genes [odds 
ratio (OR) = 17.6; Fisher’s exact P = 7.3 x 10°] 
(table S4 and fig. S5). Furthermore, we show here 
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that the intolerance of genes to exonic deletions 
is correlated with the SNP-based pLI measure 
of functional constraint (Fig. 1, A and B). 

We reasoned, therefore, that SV intolerance 
would be a valid criterion for defining catego- 
ries of functional elements to be tested for dis- 
ease association in this study. As our measure 
of SV intolerance, we tested the observed de- 
pletion of SVs within functional elements rel- 
ative to random distributions of SVs generated 
by two types of permutation (/4), one in which 
SVs were shuffled throughout the genome ran- 
domly and a second based on a model in which the 
correlation of SVs to genome features (GC_content 
of the DNA sequence, coverage, low-complexity 
repetitive elements, and segmental duplications) 
was accounted for (75). SV depletion was assessed 
in functional elements grouped by categories 
such as exons, untranslated regions (UTRs), pro- 
moters, cis-regulatory RNAs, enhancers, and evo- 
lutionarily conserved and human accelerated 
regions (28 categories in total, described in 
table S5). SVs were each assigned to a single 
category according to the order listed above; for 
example a SV that disrupts an exon, a UTR, and 
an enhancer simultaneously would be classified 
as “exonic.” Genes were also defined in advance 
as “intolerant,” based on an ExAC pLI score > 90th 
percentile (fig. S5). SV depletion was tested for the 
28 categories, and analysis was stratified by SV 
type (deletion or duplication) and by loss-of- 
function intolerance (pLD above or below the 
90th percentile, a total of 104 tests. 

Functional elements that showed significant 
evidence of SV depletion among intolerant genes 
(pLI = 90th percentile; Benjamini-Hochberg 
FDR g < 0.01; OR < 1) were selected as our tar- 
get categories (Fig. 1B and table S5). Nearly iden- 
tical results were obtained with both random 
models in the discovery sample and in an inde- 
pendent cohort from the 1000 Genomes Project 
(table S5 and fig. S6). Categories that showed 
depletion of SVs relative to simulations included 
exons (OR = 0.18; P < 0.0001), transcription start 
sites (TSSs) (OR = 0.45; P < 0.0001), 3'UTRs 
(OR = 0.57; P < 0.0001), and promoter anno- 
tations derived from fetal brain tissue (fetal 
brain promoters) from the Roadmap Epigenom- 
ics Project (OR = 0.73; P = 0.0011), and the de- 
pletion of CRE-SVs was restricted to intolerant 
genes (Fig. 1B and table S5). In total, seven cat- 
egories were significant (four coding and three 
noncoding). Functional elements were further 
collapsed into “cis-regulatory” and “coding and 
noncoding” categories, respectively, and we in- 
cluded one nondepleted category (“intron”) as a 
control, resulting in a total of 10 target categories 
(table S5). 

Focusing on the target functional categories 
above, family-based association was tested using 
a group-wise transmission/disequilibrium test 
(TDT), applying it to private variants (autosomal 
parent allele frequency = 0.0003), assuming a 
dominant model of transmission. We confirmed 
a 50% parental transmission rate for deletions 
and duplications overall across a range of sizes 
(table S6). In variant-intolerant genes (pLI = 
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Fig. 1. Selection of target functional categories based on deletion intolerance. Bar charts 
illustrating functional elements that show depletions in deletions relative to random permutations, 
stratified by deciles of gene variant intolerance (pLl) as estimated by the ExAC consortium. (A) Protein- 
coding deletions. (B) Cis-regulatory elements deletions. Odds ratios calculated based on observed 
counts versus expected based on permutation. Stars indicate the level of significance in the permutation 
analysis; whiskers represent 95% confidence intervals. TSS, transcription start site. 


90th percentile), protein coding deletions were 
overtransmitted to cases (54/83; transmission 
rate = 65.1%; P = 0.002), but not to controls (26/ 
57, transmission rate = 45.6%; P = 0.54) (Fig. 2 
and table S6). Paternally inherited CRE-SVs 
(fetal-brain promoters, TSSs, or 3'UTRs) of in- 
tolerant genes were overtransmitted to cases 
(39/55; transmission rate = 70.9%; P = 0.0013), 
whereas maternal CRE-SVs were not signifi- 
cantly associated with ASD (21/44; transmission 
rate = 47.7%). The above associations were sig- 
nificant after correction for 20 tests (10 catego- 
ries of SVs tested for each parent separately) 
(table S6). Validation of cis-regulatory and ex- 
onic SVs was performed where possible using 
nanopore sequencing, polymerase chain reac- 
tion (PCR), or an in silico SNV-based approach 
(see supplementary materials). In total, 96% (150/ 
156) of SVs were validated with 100% genotype 
concordance SV” (table $7). 

The primary hypothesis to be tested in the 
replication sample (association of paternally in- 
herited CRE-SVs) was preregistered in the form 
of a preprint describing the analytic details and 
results of our primary analysis (16). We then rep- 
licated the association by applying our pipeline to 
an independent sample of 6105 genomes from 
1771 families (17). The association of rare (allele 
frequency < 0.0003) paternally transmitted CRE- 
SVs was significant in the replication sample 
(65/109; transmission rate = 59.6%; P = 0.027). 
Also consistent with our primary results, ma- 
ternally transmitted CRE-SVs were not associ- 
ated with ASD and inherited coding variants 
from both parents were associated with ASD 
(Fig. 2 and table S6). 

In the combined data set of 2600 families, the 
association of paternal CRE-SVs was significant 
(P = 3.7 x 10~*) after correction for 20 tests. 
Consistent with a paternal-origin effect, CRE- 
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SVs in cases were inherited more frequently from 
fathers (104 paternal, 74 maternal; binomial P = 
0.015). All private cis-regulatory and exonic var- 
jants in intolerant genes are given in table $7. The 
median lengths of cis-regulatory and exonic SVs 
were 2920 bp [interquartile range (IQR) = 396 
to 8282 bp] and 17,261 bp (IQR = 4390 to 
112,251 bp), respectively. 

The smaller effect size observed in the rep- 
lication sample (overtransmission of 59.6%, com- 
pared with 70.6% in the discovery sample) could 
be explained by a combination of factors, includ- 
ing chance or true differences in the genetic 
architecture between samples. Cohorts did not 
differ dramatically in the numbers of trios and 
concordant sibling pair (multiplex) families 
(table S1); thus, family structure is unlikely to have 
an influence. As mentioned above, selection of 
families for a subset of the discovery sample 
(SSC1) was designed to enrich for novel inherited 
and noncoding risk variants. Thus, ascertain- 
ment could in part explain why the SSC1 had 
the largest effect size of all individual cohorts 
(fig. S7). 

Recurrent CRE-SVs disrupting intolerant genes 
were observed in cases, including CNTN4, LEO, 
RAFI, and MEST (table S7) (permutation P = 
0.0036). Two de novo loss-of-function variants 
disrupting LEOI (18, 19) have been observed 
in a combined exome data set of ASD and de- 
velopmental delay from 20 studies, a higher rate 
of loss-of-function variants than would be ex- 
pected by chance (expected 7 = 0.1; P = 0.0025) 
(14). Both LEO] deletions eliminate an upstream 
regulatory element that has a chromatin signa- 
ture associated with an active TSS (Fig. 3A) (20). 
A smaller 8.7-kb deletion polymorphism (parent 
allele frequency = 0.011) was detected within this 
region, but this variant does not disrupt any an- 
notated functional elements. The deletions were 
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Fig. 2. Parental transmission of private cis-regulatory and exonic SVs to cases and sibling controls. Rate of transmission from parents to 
offspring was tested for SVs that disrupt cis-regulatory elements or exons of variant-intolerant genes (pL! > 90th percentile). Whiskers represent the 95% 
confidence intervals. Effect sizes for CRE-SVs in all four cohorts individually is provided in fig. S7). 
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Fig. 3. Recurrent promoter deletions of LEO1 derepress expression. 
(A) Paternally inherited deletions of the LEOI promoter were detected in 
three affected individuals, one trio (14-59), and one concordant sib pair 
(FO182). A common deletion polymorphism (parent allele frequency = 0.011) 
is also present in this locus. (B) Chromatin interactions associated with 
transcription factors RNA polymerase II and CTCF based on ChIA-PET data 
suggests that the cis-regulatory element upstream of LEOI disrupted by both 
rare deletions (FO182 deletion shown here) serves as a focal point for the 


=< LEO! 


fine-mapped by nanopore single-molecule se- 
quencing of long PCR products (fig. S8). Pub- 
lished chromatin interactions associated with 
transcription factors CTCF and RNA polymer- 
ase II mapped by chromatin interaction anal- 
ysis with paired-end tag sequencing (ChIA-PET) 
(21, 22) revealed this upstream cis-regulatory 
element to be a focal point for long-range chro- 
matin interactions associated with transcription 
(Fig. 3B). Expression of LEO] and the neighboring 
MAPK6 was higher in fibroblast cell lines from 
two deletion carriers compared with lines from 
three noncarrier controls (LEOI t test P = 0.018; 
MAPKG6 P = 0.008) (Fig. 3C and table S8). 

As follow-up to our previous studies of de novo 
SVs (9), we detected de novo mutations in the 
discovery sample, including 104 deletions, 19 du- 
plications, 2 inversions, 8 complex SVs, and 
32 mobile element insertions (MEIs) (fig. S9 
and table S9). The majority (68%) of phased 
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de novo SVs originated from the father (bino- 
mial test P = 0.038) (table S9), comparable to 
the bias observed for SNVs and indels (23). We 
also confirm that de novo SNVs and indels clus- 
ter in proximity to de novo SV break points 
(permutation P = 0.0029) (table S10 and fig. S10) 
(9). ASD cases did not display higher SV mu- 
tation rates than sibling controls (fig. S11) (9). 
Considering only the subset of the discovery 
sample that had not been characterized previ- 
ously [Relating Genes to Adolescent and Child 
Health (REACH)], gene disrupting de novo var- 
jants were significantly enriched in cases (7.2% 
in ASD versus 2.1% in controls; permutation P = 
9.2 x 107°; an excess of 5.1% in cases). 

Based on this study, we estimate that rare in- 
herited cis-regulatory and coding SVs contribute 
in 0.77% [95% confidence interval (CI), 0.39 to 
1.13] and 1.21% (95% CI, 0.76 to 1.62) of cases, 


respectively, and inherited known pathogenic 
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spatially organized transcription of LEO1 and MAPK6. (C) mRNA expression 
of LEO1 and MAPK6 in fibroblast lines derived from two deletion carriers 
(REACHOO319 and REACHOO0322), compared with three control lines. 
Whiskers represent 95% Cls. Layered H3K27Ac, Histone 3 lysine 27 
acetylation (an active promoter associated mark) in seven cell types from 
the Encyclopedia of DNA Elements (ENCODE). ChromHMM Tss is the 
predicted transcription start site based on chromatin signatures in multiple 
cell types from the Roadmap Epigenomics Project (20). 


SVs not accounted for above (table S11) contribute 
in another 1.9% of cases. As expected, the contri- 
bution of de novo coding SVs is substantial (5.1%); 
however, no de novo CRE-SVs were detected in 
cases in the discovery sample (table S9). 

Here, we demonstrate that rare SVs that dis- 
rupt CREs confer risk for ASD, and this asso- 
ciation is concentrated among genes that are 
highly dosage sensitive. The contribution of CRE- 
SVs that we observe consists exclusively of in- 
herited variants. This result is consistent with 
noncoding variants having moderate effects on 
gene function and disease risk. We find no evi- 
dence for a contribution of de novo CRE-SVs, 
in contrast to anecdotal findings from previous 
studies (5, 7). We cannot exclude the possibility 
that de novo CRE-SVs contribute to ASD; however, 
we can conclude that they are extremely rare. 

CRE-SVs exhibited a significant paternal- 
origin effect. This result was unexpected and 
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contrasts with a simpler genetic model (24) in 
which inherited genetic risk is transmitted pre- 
dominantly from mothers due to the reduced vul- 
nerability of females to ASD. Previous studies 
have shown a maternal bias for inherited trun- 
cating variants in genes that were previously 
implicated from studies of de novo mutation 
(25-27). In our study, the contribution of exonic 
variants to risk was similar for paternal and 
maternal SVs, suggesting that a maternal origin 
bias might be restricted to genes that have the 
most extreme dosage sensitivity. Taken together, 
our findings indicate that parent-of-origin effects 
on genetic risk for ASD are more complex than 
we previously thought, and the allelic spectrum 
of variants differs between the maternal and pa- 
ternal genomes. 

We propose three possible mechanisms to ex- 
plain the observed paternal-origin effect of CRE- 
SVs. The first is a “bilineal two-hit model,” in 
which inherited risk is attributable to a combi- 
nation of two risk variants: a maternally inher- 
ited coding variant of large effect and a paternally 
inherited CRE variant of moderate effect. This 
bilineal model predicts that a paternal bias might 
also be evident for other variants of moderate 
effect, including hypomorphic missense alleles or 
loss-of-function variants in genes with a moder- 
ate degree of intolerance. While this paper was 
under review, a genetic study of common variation 
reported evidence that, for multiplex families, 
an excess of paternally inherited variants were 
shared among unrelated children with ASD (28), 
a result that lends support to a bilineal model. 

An alternative explanation for a paternal- 
origin effect is an epigenetic mechanism. For 
example, deletion of CREs can lead to derepres- 
sion of imprinted genes (29). However, an epi- 
genetic mechanism could only explain our 
results if noncanonical imprinting of regula- 
tory elements is widespread. Such a phenom- 
enon has not been described, but we cannot rule 
out this possibility. A third potential mechanism 
to explain parent-of-origin effects could be a type 
of “meiotic drive,” in which allele-specific selec- 
tion occurs differently in paternal and maternal 
germ cells. However, this mechanism is also un- 
likely given that there are few known examples 
of gene drive in humans and their effects appear 
to be quite weak at the population level (30). 

Due to the greater potential of SVs to affect gene 
function and regulation relative to SNVs and in- 
dels, this class of genetic variation has historically 


Brandler et al., Science 360, 327-331 (2018) 


proven effective for illuminating new components 
of the genetic architecture of disease. Our find- 
ings provide a further demonstration of the utility 
of SV analysis for characterizing the genetic reg- 
ulatory elements that influence risk for ASD. 
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Developmental and oncogenic 
programs in H3K27M gliomas 
dissected by single-cell RNA-seq 
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Gliomas with histone H3 lysine27-to-methionine mutations (H3K27M-glioma) arise 
primarily in the midline of the central nervous system of young children, suggesting a 
cooperation between genetics and cellular context in tumorigenesis. Although the genetics 
of H3K27M-glioma are well characterized, their cellular architecture remains uncharted. 
We performed single-cell RNA sequencing in 3321 cells from six primary H3K27M-glioma 
and matched models. We found that H3K27M-glioma primarily contain cells that 
resemble oligodendrocyte precursor cells (OPC-like), whereas more differentiated malignant 


cells are a minority. OPC-like cells exhibit greater proliferation and tumor-propagating 


potential than their more differentiated coun 
by PDGFRA signaling. Our study characterize 
H3K27M-glioma at single-cell resolution and 
potential therapeutic targets in this disease. 


iffuse midline gliomas with histone H3 
lysine27-to-methionine mutations (H3K27M- 
glioma) are uniformly fatal malignancies 
(1). They are both spatially and temporally 
restricted, occurring in midline structures 
of the brain with peak incidence at 6 to 9 years 
of age. These patterns suggest that a particular 
cell type, potentially undergoing rapid expansion 
at this stage, is susceptible to transformation by 
H3K27M. Experimental models suggest that neu- 
ral precursor cells (NPCs) can be transformed 
in vitro by H3K27M, in combination with TP53 
mutation and PDGFRA overexpression (2). H3K27M 
suppresses EZH2, the catalytic subunit of Polycomb 
Repressive Complex 2 (PRC2), compromising epi- 
genetic repression and potentially affecting cellu- 


terparts and are at least in part sustained 
S oncogenic and developmental programs in 
across genetic subclones, suggesting 


lar differentiation (7-3). In patient samples, little 
is known about the developmental cell states pre- 
sent or how they cooperate with H3K27M for tumori- 
genesis. Single-cell RNA sequencing (scRNA-seq) 
can help address such questions by characteriz- 
ing cancer cell states, their proliferative signa- 
tures, and their similarity to normal or other 
malignant cell types. scRNA-seq also helps re- 
late single cell states to genetics through infer- 
red chromosomal copy number variations (CNVs) 
or mutation detection in expressed transcripts 
(4-6). 

We obtained fresh tissue from diagnostic biop- 
sies of six H3K27M-glioma (table S1 and fig. S1). 
Each sample was dissociated into single cells, 
flow sorted, and profiled by means of full-length 


scRNA-seq (fig. S2) (7, 8). We retained 2458 cells 
that passed quality controls (8) for downstream 
analyses (table S2). The cells’ profiles group pri- 
marily by tumor of origin (Fig. 1A and fig. $3), but 
two clusters contain cells from multiple tumors, 
expressing markers of either microglia (such as 
CD14, CX3CR1, and AIFI) or oligodendrocytes 
(such as MBP and PLPI) (Fig. 1, A and B), suggest- 
ing that they are nonmalignant cells. Accordingly, 
in presumed malignant cells only, we detected 
evidence for cancer-specific aberrations—point 
mutations and/or CNVs (4-6)—in 93.7% of cells 
in five of the six tumors (Fig. 1, C and D, and figs. 
S4 to $7). Thirty-four percent (833 of 2458) of the 
cells had H3K27M mutations in scRNA-seq reads 
mapping to H3F3A or HISTIH3B (Fig. 1D and 
fig. S7) only detected in presumed malignant 
cells; other point mutations from whole-genome 
sequencing (WGS)/whole-exome sequencing (WES) 
(tables S1 and $2) were also detected only in 
presumed malignant cells (Fig. 1D and fig. $7) 
(8). Analyzing a seventh tumor (MUVI17) with 
H3F3A-specific primers in the sCRNA-seq protocol 
confirmed H3K27M in 97% of the presumed 
malignant cells (fig. S8) (8). 

Next, we compared malignant cell transcrip- 
tomes across different glioma types, including 
H3K27M-glioma, isocitrate dehydrogenase (IDH)- 
mutant oligodendroglioma (IDH-O), IDH-mutant 
astrocytoma (IDH-A), and IDH-wild-type glioblas- 
toma (GBM) (fig. S9A and tables S3 and S4) (5, 6, 9). 
Many genes were up-regulated in H3K27M-glioma 
versus other tumors (n = 182 genes), but few were 
down-regulated (7 = 12 genes), which is consistent 
with H3K27M blocking repression by PRC2 (fig. 
S9, B to D). Accordingly, H3K27M-up-regulated 
genes are enriched for PRC2 target genes (P < 
0.0001, hypergeometric test) (fig. S9E) (JO, 11). 
The PRC1 subunit BM/I was up-regulated in 
H3K27M-glioma, possibly representing a com- 
pensatory mechanism for PRC2 suppression. 
Suppression of BMI by means of CRISPR knock- 
out or its pharmacological inhibition reduced 
viability of H3K27M glioma cells, relative to treat- 
ment controls and non-H3K27M glioma lines 
(fig. S10) (12). 

We next assessed patterns of intratumor het- 
erogeneity and distinguished subpopulations 
of malignant cells within H3K27M-glioma. We 
identified four programs (P1 to P4) that were 
consistently observed as variable within tu- 
mors and across computational methods (8): 
cell cycle (such as PCNA and CDK1), astrocytic 
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differentiation (AC-like) (such as GFAP and 
APOE), oligodendrocytic differentiation (OC- 
like) (such as MBP and PLPI), and OPC-like 
programs (such as PDGFRA and CSPG4) (Fig. 
2, A and B; figs. S11 and S12; and table S5) 
(13, 14). 


Scoring each cell for these expression programs 
highlighted a putative developmental hierarchy, 
in which proliferation is largely restricted to OPC- 
like cells that presumably both self-renew and 
give rise to the OC-like and AC-like cells (Fig. 2C). 
The relative fraction of cells in each compart- 


ment (OPC-like, AC-like, and OC-like) varied be- 
tween tumors, but OPC-like cells were consistently 
the most prevalent (fig. S13). We validated this 
cellular composition with RNA in situ hybrid- 
ization (ISH) of seven tumor specimens (table S4), 
using markers for OPC-like, AC-like, and cycling 


Fig. 1. Characteriza- A 
tion of H3K27M- 

glioma by means of 
scRNA-seq. (A) Pair- 

wise correlations 

between the expression 
profiles of 2458 single 

cells (rows, column) 

from six H3K27M- 

glioma samples (color 


MUV5 


2,458 single cells (K27M glioma patients) 


cells (PDGFRA, APOE, and Ki-67, respectively) 
(Fig. 2D and fig. $13). Analysis of normal brain cell 
types indicated that PRC2 targets are highly ex- 
pressed by OPCs and lowly expressed by OCs (P < 
0.05, Student’s ¢ test) (fig. S14 and table S6). Thus, 
OPC differentiation into OC may require the re- 
pressive activity of PRC2 and may be hindered by 
PRC2 inactivation through H3K27M, which may 
result in accumulation of self-renewing OPC-like 
cells. Accordingly, some tumors had little evi- 
dence of lineage differentiation (fig. S13). Fur- 
thermore, knockout of the OPC lineage factor 


Pearson 
correlation 


0.2 
bar). Two clusters of ai PDGFRA by use of CRISPR/Cas9 reduced viabil- 
nonmalignant cells MUV10 ae ity in two models of H3K27M-glioma (fig. S15). 
are marked as “NM.” aa Combined targeting of PDGFRA and the PRC1 
(B) Enrichment score BCHa36 subunit BMT7/ further reduced viability of these 
of microglia and oligo- models (fig. S15). Thus, OPC-like cells are the 
dendrocyte signatures. predominant subpopulation of H3K27M tumors, 
(C) Inferred CNV pro- propagate the disease in patients, and may be 
files. Black indicates BCH869 susceptible to therapeutic strategies that con- 
CNV present (fig. S4). currently target lineage-defined (PDGFRA) and 
(D) Gene mutations. somatically altered (BMJ) cellular programs. 
BCH1126 ; 3 . 
(Top) H3K27M.; Enriohment The H3K27M-glioma hierarchy resembles that 
(Bottom) All other B A od | i f | 10 in IDH-mutant gliomas; both contain a cycling 
mutations identified Immune cell By | 5 stem-like subpopulation and differentiated sub- 
per sample by means Oligodendrocyte ! | I! H H ! 0 populations of OC-like and AC-like cells. However, 
of WGS/WES. Black c Be Sei iit i i 5 they differ in the proportions of subpopulations 
line indicates at least Peters Lb ed = — a to and in the exact set of genes associated with each 
one mutated gene oe I program (5, 6). We scored malignant cells from 
identified (fig. S6). H3.3 K27M [_! iT java both cohorts by the signatures for H3K27M and 
g H3.1 K27M om | | IDH-mutant gliomas (5, 6). Astrocytic programs 
£ MONT et Mo were highly similar (Fig. 3, A and B), whereas 
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@|  BcHsse||! 1! ||! ‘i mr largely distinct, with only a small set of shared 
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A D 
@ Cycling Non-cycling ‘ = i 
aE I itocera Ba ge 4 
Pt 3 i a seas 
S ' ' 
2 es Oe 
5°15 e, 4 
8 1 a : 
ee 8 ; f - =" P a b ¥ 
2 ry er ee 
E 4 ‘ _¢PDGFRA A co ‘ *) 
P3 o > * 
x ' | 
5 
ut me F th fant Relative 34 s 1 f 
B expression Py i ! ! 24 
AACE I Aehe 
eh un u si nib 6 3 0 3 6 
Ke ih Hatin cat Mi 0 Lineage score 
ia Ga ek i a 4 


1000 
Cells (n = 2,259) 


— 2000 


Fig. 2. Intratumor heterogeneity in H3K27M-glioma. (A and B) Relative 
expression (color bar) across 2259 malignant cells (columns) of the 

top 30 genes for each of the combined expression programs P1, P2, and 
P3 [(A), rows] or 19 genes [(B), P4] that are preferentially expressed 

in cells with low expression of Pl, P2, and P3 (8). (C) Plot of the lineage 
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(x axis) and stemness (y axis) scores for each of 2259 malignant cells 
(dots). Red dots indicate positive score for the cell cycle program. 

(D) In situ RNA hybridization of H3K27M glioma for astrocytic-like (APOE), 
OPC-like (PDGFRA), and proliferation (Ki-67) markers. Arrow highlights 
cell coexpressing PDGFRA and Ki-67. 
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stem cell genes were expressed highly by OPCs 
(such as PDGFRA), whereas IDH-specific stem 
cell genes were expressed by NPCs (such as SOX71) 
(Fig. 3, F and G) (5, 6). Additionally, H3K27M- 
glioma harbored more cycling and undifferen- 


tiated cells than IDH-mutant gliomas (Fig. 3H), 
potentially accounting for their more aggressive 
behavior. 

We next considered how this cellular archi- 
tecture relates to genetic heterogeneity and tu- 


mor evolution. CNV analysis and inference of 
haplotypes uncovered distinct genetic subclones 
in two tumors (Fig. 3, I and J, and figs. S16 and 
S17) (8). Although all cells in BCH869 have lost 
one copy of chromosome 14, the subclones had 
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Fig. 3. Cellular hierarchies of H3K27M-glioma and IDH-mutant gliomas. 
(A, C, and E) Malignant cells (dots) from H3K27M, IDH-A, and IDH-O scored for 
the (A) AC-like, (C) OC-like, and (E) stem-like signatures of H3K27M-glioma 
(x axis) and of IDH-mutant gliomas (y axis). Correlation values are in the bottom 
right quadrant. (B, D, and F) Relative expression in (B) AC-like, (D) OC-like, 
and (F) stem-like cells in each glioma class (rows) of genes with preferential 
expression in the respective cell subset (8), with genes ordered into those 
common to H3K27M and IDH-mutant gliomas, or specific to either tumor type. 
(G) Relative expression (color bar) of OC-like and stem-like genes shared 
between (common) or specific to H3K27M and IDH-mutant gliomas in 
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nonmalignant oligodendrocytes, OPCs, and NPCs (5). (H) Percentage of cycling 
cells (x axis) and undifferentiated cells (y axis) in each glioma sample, marked 
by type and grade. (I) CNVs, (J) haplotype frequencies, and (K) point mutations in 
selected genes identified with WGS (columns) inferred for individual malignant 
cells (rows) from BCH869. Dashed lines indicate four subclones based on CNV 
and haplotype profiles. (L) Inferred phylogenetic tree (8) of individual subclones 
detected for BCH869. Circle sizes indicate relative number of cells in subclone. 
Genetic events are indicated at the inferred point of their first detection. 

(M) Relative number of malignant cells classified into OPC-, AC-, or OC-like 
states for BCH869 subclone 1 or the combination of subclones 2 and 3. 
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Fig. 4. Single-cell comparisons of matched H3K27M-glioma patient 
sample, PDX, and culture models for tumor BCH869. (A) Cells 
ordered by sample type and within each sample by means of hierarchical 
clustering (fig. S19). (B) Heatmap shows expression of the top 30 genes 
of the cell cycle and lineage programs (P1 to P4) described in Fig. 2 
and in (8), for cells ordered as in (A). (C) (Left) Mouse brain magnetic 


resonance images (MRIs) with three-dimensiona 


different haplotypes, indicating that two dis- 
tinct events led to loss of alternate chromosome 
14 alleles (Fig. 3J). Additionally, certain somatic 
gene mutations could be assigned to just one of the 
subclones (Fig. 3K). Use of both CNVs and haplo- 
type frequencies enabled inference of phyloge- 
netic trees (Fig. 3L, fig. S17D, and table $7) (8). 
Each genetic subclone contained cells spanning a 
similar diversity of cellular states, although with 
some variation in their relative proportions (Fig. 
3M and fig. SI7E). This suggests that distinct ge- 
netic subclones share similar developmental hier- 
archies in H3K27M-glioma. 

Next, we profiled 863 single cells from several 
models derived from BCH869—including patient- 
derived xenograft (PDX), gliomaspheres (GS), and 
differentiated glioma cells (DGC) (fig. $18) (75)— 
and compared them with cells from the corre- 


Filbin et al., Science 360, 331-335 (2018) 


reconstruction at 


sponding tumor. Cells from the PDX most closely 
approximated malignant cell states in the primary 
tumor, whereas each in vitro model recapitulated 
some, but not all, of these states (Fig. 4, A and 
B, and fig. S19A). Tumor-initiation capacity was 
exclusive to cells grown in GS conditions (n = 
8 of 8 mice) that partially recapitulated the 
OPC-like state, and was abolished in DGCs that 
mirrored the AC-like state (x = 0 of 8 mice) 
(Fig. 4C and fig. S19, B and C), supporting the 
functional relevance of the inferred hierarchies. 
Last, we identified differentially expressed genes 
between the primary tumor, PDX, and culture 
models (Fig. 4D and table S8). A large number 
of genes were down-regulated in culture mod- 
els compared with the primary tumor, including 
glioma-related oncogenes (such as epidermal 
growth factor receptor), putative stemness genes 


20 April 2018 


DGC 10% 
DGC 10% 
Gliomaspheres 
© 250 7 
E 200 
3 
Gliomaspheres ge 150 
3 100 
am ek 
5 50 
: LE 
Fe Wk 22 Wk 30 
Normal H3K27M 
development glioma 


© OPC-like glioma cells 
a, ; (PDGFRA-high) 
\@) Differentiated cells = __ 
— (©) Differentiated-like 
~ glioma cells 


22 weeks after injection of 200,000 BCH869 cells. (Right) MRI tumor 
volume (8). **P < 0.01 by paired, two-tailed Student's t test. Error bars 
indicate SEM. (D) Heatmap shows expression of differentially expressed 
genes between sample types, for each pairwise comparison. Cells are 
ordered as in (A). (Right) Average expression in each sample type. 

(E) Model of H3K27M-glioma cellular architecture (right) compared with 
normal development (left). 


(such as SOX2, RFX4, and CD133), and PRC2- 
targets (P < 10°) (10). PRC2 targets were further 
down-regulated in DGC (compared with GS), 
along with neurodevelopmental regulators such 
as SOX6 and SOX10 (Fig. 4D). This highlights 
the specificities and limitations of each model. 
scRNA-seq of primary H3K27M-glioma defines 
a putative developmental hierarchy and contrasts 
the underlying stem cell and differentiation pro- 
grams with other classes of glioma. The findings 
are consistent with an emerging cancer stem cell 
model for gliomas in which (i) genetically defined 
glioma classes, such as IDH-mutant gliomas and 
H3K27M-glioma, contain different types of stem- 
like cells; (ii) the fraction of stemlike cells can vary 
substantially between glioma types—this extends 
the traditional cancer stem cell model, which 


posits that stem cells represent a minority of 
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malignant cells; (iii) differentiation hierarchies 
play a critical role in the functional properties 
of glioma cells because self-renewal and tumor- 
propagating potential are exclusive to the most 
primitive cells; and (iv) genetic subclones in tumors 
tend to share similar cellular architecture. Our 
study also highlights opportunities for therapeu- 
tic intervention. We show that OPC-like cells drive 
H3K27M-glioma, suggesting that the OPC marker 
PDGFRA could be a lineage-defined therapeutic 
target, relevant even in the absence of genetic 
amplification or mutation. H3K27M-glioma also 
overexpress the PRC1 subunit BMI1 and are sen- 
sitive to its inhibition, either alone or in combi- 
nation with PDGFRA inhibition, hinting at a 
potential compensatory mechanism for PRC2 
dysfunction (Fig. 4E). Thus, lineage-defined and 
somatically altered cellular programs in H3K27M- 
glioma suggest complementary opportunities 
for therapeutic intervention in these incurable 
malignancies. 
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MFN2 agonists reverse mitochondrial 
defects in preclinical models of 
Charcot-Marie-Tooth disease type 2A 


Agostinho G. Rocha,’* Antonietta Franco,’* Andrzej M. Krezel,” Jeanne M. Rumsey," 
Justin M. Alberti,’ William C. Knight,’ Nikolaos Biris,? Emmanouil Zacharioudakis,” 
James W. Janetka,” Robert H. Baloh,* Richard N. Kitsis,> Daria Mochly-Rosen,°® 

R. Reid Townsend,’ Evripidis Gavathiotis,? Gerald W. Dorn II"+ 


Mitofusins (MFNs) promote fusion-mediated mitochondrial content exchange and 
subcellular trafficking. Mutations in Mfn2 cause neurodegenerative Charcot-Marie-Tooth 
disease type 2A (CMT2A). We showed that MFN2 activity can be determined by Met?”° and 


725 727 


His?®° interactions with Asp”“° and Leu 


and controlled by PINK1 kinase—mediated 


phosphorylation of adjacent MFN2 Ser®’®. Small-molecule mimics of the peptide-peptide 
interface of MFN2 disrupted this interaction, allosterically activating MFN2 and promoting 
mitochondrial fusion. These first-in-class mitofusin agonists overcame dominant 
mitochondrial defects provoked in cultured neurons by CMT2A mutants MFN2 Arg?*>Gin°* 
and MFN2 Thr?05..Met?©5, as demonstrated by amelioration of mitochondrial dysmotility, 
fragmentation, depolarization, and clumping. A mitofusin agonist normalized axonal 
mitochondrial trafficking within sciatic nerves of MFN2 Thr?©5=Met?5 mice, promising a 
therapeutic approach for CMT2A and other untreatable diseases of impaired neuronal 


mitochondrial dynamism and/or trafficking. 


itochondria are organelles that gener- 

ate arich energy source for cells, which 

requires their continuous subcellular re- 

distribution via mitochondrial traffick- 

ing and mutual repair via mitochondrial 
fusion (J). Mitochondrial fusion and subcellular 
trafficking are mediated in part by mitofusin 1 
(MEN1) and MFN2. Genetic mutations in Mfn2 
that suppress mitochondrial fusion and motil- 
ity cause Charcot-Marie-Tooth disease type 2A 
(CMT2A), the most common inheritable axonal 
neuropathy (2). Because no therapeutics exist 
that directly enhance mitochondrial fusion 
or trafficking, this disease is unrelenting and 
irreversible. 

Computational modeling based on the closed 
structure of bacterial dynamin-related protein 
(BDRP) and the more open structure of optic 
atrophy-1 suggested that MFN2 can change con- 
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formation according to how closely the first and 
second heptad repeat (HR) domains interact (fig. 
$1). A closed conformation is fusion incompetent, 
whereas an open conformation favoring mito- 
chondrial fusion can be induced by a competing 
peptide analogous to amino acids 367 to 384 
within the MFN2 HRI domain (3). We identified 
amino acids controlling these events, first by trun- 
cation analysis to define the smallest fusion- 
promoting minipeptide (residues 374 to 384) 
(Fig. 1, A and B) and then through functional 
investigation of this minimal peptide by alanine 
(Ala) scanning. Substitution of Ala for Met?” 
Ser?’*, His®®°, and Met**!, which are highly con- 
served across vertebrate species (figs. S2 and 
§3), impaired minipeptide-stimulated mitochon- 
drial fusion, as measured by an increase in the 
mitochondrial length/width ratio (aspect ratio) 
(Fig. 1C). The structural model of human MFN2 
in a closed conformation on the basis of ho- 
mology with BDRP predicted a helical inter- 
action between HR1 and HR2 domains, with 
alignment of Met?” and His® side chains in the 
HR1 domain to Leu””’ and Asp™ in the HR2 
domain (fig. S1). This arrangement suggested 
that Met?” and His®*° stabilize the MFN2 HR1- 
HR2 interaction, potentially explaining their 
critical function as defined by minipeptide Ala 
scanning. By contrast, Ser®”* was modeled as 
extending from the noninteracting surface of 
the HRI o helix (fig. S1), implying a different 
mechanism for its involvement in mitochon- 
drial fusion. 

To address whether Ser?” might be phosphoryl- 
ated, we replaced Ser?’ (with Ala, Cys, Asn, or 


Gly) in the minipeptide and found that phos- 
phorylation and fusion activity were abrogated. 
Functionality was restored by substituting Asp 
to mimic phosphorylated Ser or by inserting 
phospho-Ser itself (Fig. 1D and fig. S4). More- 
over, in an in vitro binding assay devoid of cel- 
lular kinases, the Asp®*-containing minipeptide 
bound to its putative HR2 interacting domain 
whereas Ser®”* and Ala?’* minipeptides did not 
(Fig. 1E). Elimination of minipeptide binding 
by replacement of HR2 Leu™*, Asp™, and Leu” 
with Ala confirmed the HR1-HR2 interaction 
model (Fig. 1F). 

Nuclear magnetic resonance spectrometry of 
the minipeptides showed low conformational 
stability with a propensity to form helical struc- 
tures. Ser?’ phosphorylation reduced the pep- 
tide dynamics most visibly for residues Leu?” 
to Met**”, potentially changing amino acid side 
chains presented to HR2 (fig. S5, data S1, and 
movie S1). Recombinant MFN2 mutations that 
replaced Ser” with Asp (mimicking MFN2 Ser?” 
phosphorylation) or substituted Ala for Met?” 
or His*®° (disrupting the putative HR1-HR2 
interaction controlled by Ser®’® phosphoryl- 
ation) impaired MFN2-stimulated mitochon- 
drial fusion (fig. S6). By contrast, replacing 
MEN? Ser?” with Ala (to prevent phosphoryl- 
ation) or substituting Ala for neighboring Val?”, 
which is not critical for HR1-HR2 interac- 
tions, did not depress MFN2-mediated fusion 
(fig. S6). 

MFEN2 can be phosphorylated by mitochondrial 
PTEN-induced putative kinase 1 (PINK]) (4, 5). 
Targeted mass spectrometry demonstrated phos- 
phorylation of MFN2 Ser?”, as well as MFN2 
Thr™ and Ser’, which were previously reported 
(4, 5), by PINK] kinase (Fig. 1G, figs. S7 and S8, 
and table S1) but not by software-nominated 
G-protein receptor kinase 2 (fig. S9). We expressed 
MEN? Ser?” mutants with or without PINK] in 
MENI1 and MFN2 doubly deficient cells (designated 
MFNI~ MFN27“-). Fusion-defective mitochon- 
dria in these cells were abnormally short at 
baseline, but forced expression of wild-type 
(WT) Ser?” MEN2 resulted in elongation from 
restoration of fusion (Fig. 1H and fig. $10). Co- 
expression of PINK1 with MFN2 or mutational 
replacement of MFN2 Ser®’* with Asp (which 
mimics PINK1-mediated Ser*”® phosphorylation) 
restrained MFN2-stimulated elongation (Fig. 1H 
and fig. S10). By contrast, MFN2 Ala?” (which 
cannot be phosphorylated) promoted mitochon- 
drial fusion resistant to PINK1 suppression 
(Fig. 1H and fig. S10). The effects of MFN2 Ser?” 
mutants were recapitulated in in vitro assays of 
fusion-mediated mitochondrial content exchange 
(fig. S11). 

We assessed fusogenic activity of commercially 
available small-molecule candidate pharmaco- 
phores (data S2 and supplementary materials 
and methods), focusing on those having struc- 
tures that mimicked Ser®’’-phosphorylated 
(class A) and -unphosphorylated (class B) mini- 
peptide amino acid side chains (fig. S12 and data 
83). We reasoned that simultaneous applica- 
tion of class A and B agonists could enhance 
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Fig. 1. MFN2 Ser®”* phosphorylation by PINK1 regulates mitochondrial 
fusion. (A) Amino acid sequence surrounding the fusion-promoting 

MFN2 peptide. Side chain characteristics (H, hydrophobic; +, basic; —, acidic) 
are indicated above. HR1 hinge region amino acids are green. The open 

box encloses N-terminal residues 367 to 374, and the shaded box encloses 
the C-terminal minipeptide comprising residues 374 to 384 (minipeptide 
374-384). Single-letter abbreviations for the amino acid residues are as 
follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, lle; K, Lys; 

L, Leu; M, Met; N, Asn; P, Pro; Q, Gin; R, Arg; S, Ser; T, Thr; V, Val: W, Trp; and 
Y, Tyr. HMfn2, human MFN2. (B) Mitochondrial fusion stimulated by N- and 
C-terminal minipeptides. The aspect ratio is the ratio of the mitochondrial 
long axis to the short axis. (Inset) Fusion in MFN1- or MFN2-null MEFs. White 
elements correspond to treatment with HR1 minipeptide 367-374, and black 
elements correspond to treatment with HR1 minipeptide 374-384. Data are 
means + SEM of results from three independent experiments; P values 
(shown above the bars in the inset) were determined by Student's t test. 
(C) Alanine (A) scanning of minipeptide 374-384 fusion activity. 

Veh, vehicle. (D) Ser?’® substitution analysis of minipeptide 374-384 fusion 
activity in MFN2-null MEFs. Data in (C) and (D) are means + SEM of 

results from three, five, or eight independent experiments, as indicated. 
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Time (min) 


P values in (C) and (D) (Shown above the bars) are versus the parent 
minipeptide 374-384 [analysis of variance (ANOVA)]. (E) Binding of 
minipeptides with Ser?”° substitutions to the HR2 target sequence. Data are 
means + SEM of result from six experimental replicates. (F) Binding of 

the Asp*”° minipeptide to the HR2 target sequence before (left) and after 
(right) Ala substitution for putative interacting amino acids. Data are means + 
SEM of results from six experimental replicates. P values were determined 
by Student's t test. NS (above bars), not significant; NS (below bars), 
nonspecific binding; FITC, fluorescein isothiocyanate. (G) lon chromatograms 
from assigned MFN2 Ser?”° phosphopeptide fragment ions (identified 

by “y” designations) after incubation with PINK1 kinase (top) and a stable 
isotope-labeled synthetic counterpart (bottom). Proportional intensities are in 
adjacent stack plots. The graph shows coelution of the synthetic phospho- 
peptide with the PINK1 product, as well as the positive identification of the 
product ions from tandem mass spectrometry. The lowercase “s” in the 
sequence indicates the phosphorylated residue. (H) Mitochondrial fusion 
promoted by MFN2 Ser°”8 mutants with and without PINK1 kinase. 

An immunoblot of protein expression is shown at the bottom. Data are 
means + SEM of results from four independent experiments. P values 

were determined by ANOVA. B-Gal, B-galactosidase. 
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mitofusin function by acting on both MEN2 Ser®® 
phosphorylation states. Lead compound A (Cpd A) 
and Cpd B acted synergistically to promote mito- 
chondrial fusion (fig. S13; compare aspect ratios 
with those in fig. S12C). Therefore, we assimi- 


lated Cpd A and Cpd B functionality into a single 
molecule by creating Cpd A-Cpd B chimeras 
(Fig. 2A, fig. S14, and data S4). Chimera B-A/long 
(B-A/1) potently stimulated mitochondrial fusion 
in MFN2-deficient cells (Fig. 2B), competed for 


minipeptide binding at the MFN2 HR2 interac- 
tion site (Fig. 2C), and was as effective as the 
combination of Cpd A and Cpd B in reversing 
mitochondrial dysmorphology provoked by the 
fusion-defective CMT2A mutant MFN2 Thr’®— 
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Fig. 2. Small-molecule mimetics of MFN2 HR1 amino acid side chains 
that interact with HR2 are mitofusin agonists. (A) (Top) Three- 
dimensional representations of hypothetical minipeptide conformations 
driven by Ser?”° phosphorylation, and (bottom) their respective small- 
molecule mimetics. (p)Ser378, phospho-Ser?”*. (B) Dose-dependent 
mitofusin agonism by small-molecule agonists. Data are means + SEM of 
results from six independent experiments. ECso9, mean effective con- 
centration. (C) Displacement of minipeptide 374-384 from its HR2 binding 
site by mitofusin agonists. Data are means + SEM of results from three 
independent experiments. ICs50, mean inhibitory concentration. 

(D) Restoration of MFN2 T105M-impaired mitochondrial fusion in 
MFN2~’~ MEFs by mitofusin agonists. Data are means + SEM of results 
from three or four independent experiments, as indicated. P values were 
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measured by ANOVA. (E) Selectivity of a class A but not a class B 
mitofusin agonist for Ser?”°-phosphorylated MFN2. Data are means + SEM 
of results from four independent experiments. P values were measured 
by ANOVA. (F) Impaired basal function but normal proportional agonist 
responsiveness of MFN2 with mutations altering HR1-HR2-interacting 
amino acids. The absolute fusogenicity of these MFN2 mutants is depicted 
in fig. S6. Data are means + SEM of results from four independent 
experiments. P values were determined by ANOVA (left) or Student’s t test 
(right). (@) Change in FRET evoked by mitofusin agonists in isolated 
mitochondria (left) and intact cells (right). Decreased FRET reflects 
conformational opening. Data are means + SEM of results from 

3 independent (left) and 14 to 16 replicate (right) experiments. P values 
versus the vehicle were measured by ANOVA. Cer, Cerulean. 
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Met?°> (MFN2 T105M) (Fig. 2D). Fusogenic ef- 
fects of Cpd A were specific for the Asp?” mutant 
of MFN2 that mimicked Ser?” phosphoryl- 
ation, whereas Cpd B and chimera B-A/] were 
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nonphosphorylatable Ala?” mutants (Fig. 2E). Be- 
cause they mimic the WT MFN2 HRI sequence 
and interact with HR2, mitofusin agonists evoked 
fusion to proportionally similar degrees in mito- 
chondria expressing mutants of HR1 that are 
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Fig. 3. Mitofusin agonists correct mitochondrial damage induced by nonfunctioning MFN2 
mutants by activating endogenous mitofusins. (A and B) Effects of mitofusin agonists in MFN17~ 


MFN2~“~ cells (A) and in MFN1*”* MFN2~“~ cells (B) expressing recombinant WT or mutant MFN2. Data 
are means + SEM of results from three independent experiments. P values were measured by ANOVA. 


Mito, mitochondria. (C) (Top) Genotyping of MFN2 R 
cultured neurons were derived. TG, transgenic MFN2 


94Q individual mouse pups from which primary 
R94Q; NTG, nontransgenic. (Bottom) Represen- 


tative confocal images of mitochondrial pathology in cultured neonatal mouse neurons expressing MFN2 
R94Q, and correction by mitofusin agonists. Magnified views are from white squares. Ctrl, control: 
MitoGFP, mitochondrion-targeted green fluorescent protein; TMRE, tetramethylrhodamine ethyl ester. 
(D) Group data for mitochondrial aspect ratio and polarization studies in cultured neonatal mouse 


neurons expressing MFN2 R94Q, as depicted in (C). 


Data are means + SEM of results from three 


independent experiments. P values were measured by ANOVA. (E) Results of mitochondrial aspect 
ratio and polarization studies in cultured neonatal mouse neurons expressing MFN2 T105M. Data are 
means + SEM of results from four independent experiments. P values were measured by ANOVA. 
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fusion deficient (Fig. 2F; compare with Fig. 1H 
and fig. S6). Small-molecule mitofusin agonists 
required endogenous MFNI or MFN2 to pro- 
mote mitochondrial fusion, exhibited no detect- 
able promiscuous activity for structurally related 
dynamin, and did not compromise cell viability 
(fig. S15). On the basis of fluorescence resonance 
energy transfer (FRET) analysis of MFN2 labeled 
at the N and C termini (supplementary materials 
and methods), mitofusin agonists promoted an 
open MFN2 conformation favoring mitochon- 
drial fusion (3), with a rank order paralleling 
that for HR2 binding and mitochondrial fusion 
(Fig. 2G; compare with Fig. 2, B and C), support- 
ing allosteric activation. 

In CMT2A, MFN2 mutants produce mito- 
chondrial “fragmentation” (defined as decreased 
aspect ratio) and loss of normal membrane po- 
larization through dominant inhibition of normal 
mitofusins. Experiments using MFNI/~ MFN27 
murine embryonic fibroblasts (MEFs) showed that 
in the absence of normal mitofusins, small-molecule 
mitofusin agonists did not improve mitochondria 
of cells expressing the guanosine triphosphatase 
(GTPase)-crippled MFN2 Arg**—>GIn** (R94Q) 
or Lys!°9—Ala!® (K109A) mutant (Fig. 3A). 
However, mitofusin agonists corrected the 
mitochondrial dysmorphology and reversed 
the mitochondrial hypopolarization induced 
by these MFN2 mutants when endogenous 
MENI was present (Fig. 3B). Mitofusin agonists 
also reversed mitochondrial fragmentation 
and hypopolarization in cultured mouse neu- 
rons expressing (in addition to endogenous 
mitofusins) CMT2A mutant MFN2 R94Q (Fig. 3, 
C and D) or CMT2A mutant MFN2 T105M 
(Fig. 3E). Thus, mitofusin agonists do not re- 
store function of CMT2A MFN2 GTPase domain 
mutants. Rather, by stabilizing the fusion- 
permissive open conformation of endogenous 
normal MFNI or MFN2, mitofusin agonists can 
overcome dominant suppression of mitochon- 
drial fusion by these disease-causing dysfunc- 
tional proteins. 

Clinical CMT2A classically affects long nerves 
innervating the lower and upper limbs (6, 7). It is 
unclear how a principal defect in mitochondrial 
fusion would cause length-dependent neuronal 
disease. Conversely, disruption of axonal mito- 
chondrial trafficking (8) would be predicted to 
preferentially affect cells requiring mitochondri- 
al transport over the greatest physical distance, 
such as the sciatic nerves originating in the 
spine and terminating in the foot. MFN2 in- 
teracts with the Miro/Milton complex to pro- 
mote mitochondrial motility in neurons (9), 
so we tested the effects of mitofusin agonism 
on murine neuronal mitochondrial traffick- 
ing. Chimera B-A/] reversed mitochondrial 
“clumping” (formation of static mitochondrial 
aggregates) and restored mitochondrial motil- 
ity in cultured mouse neurons expressing the 
CMT2A mutant MFN2 T105M (Fig. 4A and 
movie 82). Mitochondrial hypopolarization 
and increased autophagy (Fig. 4B and fig. S16) 
and mitochondrial dysmorphology (Fig. 4C and 
fig. S16) were concomitantly ameliorated. Thus, 
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Fig. 4. A mitofusin agonist restores axonal mitochondrial trafficking 
suppressed by CMT2A mutant MFN2 T105M. (A to C) Effects of 
chimera B-A/I on mitochondrial mobility (A), function (B), and morphology 
(C) in cultured CMT2A MFN2 T105M-expressing mouse neurons. 

Data are means + SEM of results from four independent experiments. 

P values were measured by ANOVA. (D) Representative kymograph of 
mitochondrial trafficking in a Ctrl mouse sciatic nerve. Scale bar, 10 um. 


a small-molecule mitofusin agonist enhanced 
organelle and cell fitness in CMT2A neurons by 
promoting mitochondrial fusion and subcellular 
transport. 

We evaluated the concept of activating mito- 
fusins to stimulate in vivo axonal mitochondrial 
trafficking in sciatic nerves of mice express- 
ing the CMT2A mutant MFN2 T105M. In nor- 
mal sciatic nerves, ~30% of axonal mitochondria 
exhibited robust bidirectional transport (Fig. 4D 
and movie S3). Mitochondria of MFN2 T105M 
sciatic nerves were severely hypomotile (Fig. 4E 
and movie S4), but application of chimera B-A/1 
to MFN2 T105M sciatic nerves restored mito- 
chondrial motility to within normal levels (Fig. 
4F and movie $4). Mobile mitochondria in WT 
and B-A/l-treated MFN2 T105M axons were 
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measured by ANOVA. 


smaller than static mitochondria (Fig. 4G), sup- 
porting in vitro observations discriminating be- 
tween MFN2-mediated mitochondrial dysmotility 
and defective fusion in CMT2A (10). 

In this study, we found that PINK1 phos- 
phorylation of MFN2 at Ser?” can alter the po- 
sitions of Met?” and His®°° (in the HR1 domain), 
which normally interact with HR2 domain ami- 
no acids to orchestrate MFN2 toggling between 
conformations that modulate mitochondrial fu- 
sion. These findings establish a mechanistic 
basis for clinical observations that MFN2 Met?” 
mutations to Ile, Thr, and Val can cause CMT2A 
(7, U1, 12). 

By combining in silico pharmacophore model- 
ing with structural and functional interrogation 
of MFN2 HR1 domain-derived minipeptides, 
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(E) Representative serial kymographs of mitochondria in an MFN2 
T105M mouse sciatic nerve before and after treatment with chimera 
B-A/I. m, minutes. (F) Quantitative data for sciatic nerve mitochondrial 
motility studies. (G) Sizes of motile and static mitochondria in Ctrl 

and B-A/I-treated (60 min) sciatic nerves. Data in (F) and (G) are means + 
SEM of results from four or five independent experiments. P values were 


we developed a novel small-molecule mitofusin 
agonist that reversed the neuronal mitochon- 
drial dysmorphometry and impaired mobility 
evoked by two CMT2A Mfn2 mutants. CMT2A 
is the prototypical clinical disorder of defective 
mitochondrial fusion, but impaired mitochon- 
drial trafficking may play as great a role as 
mitochondrial fragmentation in CMT2A axonal 
degeneration (8-10). Individuals with CMT2A 
express one mutant MFN2 allele in combination 
with one normal MFN2 allele and harbor two 
normal MFN1 alleles (13). It is therefore pos- 
sible that a therapeutic substrate exists for 
mitofusin agonists to “supercharge” normal 
mitofusins and overcome dominant inhibi- 
tion by MFN2 mutants. Our observation that 
in vivo mitochondrial dysmotility provoked 
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by a CMT2A mutant can be normalized by 
mitofusin agonism mechanistically links ab- 
normal mitochondrial trafficking in experi- 
mental CMT2A to MFN2 dysfunction. Mitofusin 
agonists may also have therapeutic potential for 
neurological conditions other than CMT2A, such 
as Alzheimer’s, Parkinson’s, and Huntington’s 
diseases, wherein mitochondrial dysmotility and 
fragmentation are contributing factors (74-16). 
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perspectives 


Our mission is to collaborate 
with the global scientific 
community to solve the 
toughest problems in life 
science. To achieve this, we 
have brought together the 
world’s leading Life Science 
brands to create a world-class 
portfolio: Millipore®, SAFC®, 


~ oF. 


, Sigme 
~ O° and Supelco®. 


A science and 
technology ecosystem 


MilliporeSigma has brought together 
the world’s leading Life Science brands 
to solve the toughest problems in life 
science. In particular, you may be 
interested in the following brands: 


Sigma-Aldrich® continues to develop 
its broad portfolio of state-of-the-art 
lab and production materials, 
paired with technical support and 
scientific partnerships. 
offers a continually pioneering 

range of intuitive, easy-to-use lab water 
instruments that seamlessly integrate 
into your daily work. 

provides proven preparation, 
separation, filtration and testing 
products and technologies. 

continues to be a trusted 

resource for accurate and reliable 
analytical products, developed 
by analytical chemists, for 
analytical chemists. 


The life science business of Merck KGaA, Darmstadt, Germany operates as MilliporeSigma 


in the U.S. and Canada. 


MilliporeSigma, the vibrant M, Milli-Q, Millipore, SAFC, BioReliance, Supelco and Sigma-Aldrich are trademarks of 
Merck KGaA, Darmstadt, Germany or its affiliates. All other trademarks are the property of their respective owners. 
Detailed information on trademarks is available via publicly accessible resources. 


© 2018 Merck KGaA, Darmstadt, Germany and/or its affiliates. All Rights Reserved. 


Support you can count on 


At MilliporeSigma, we offer a world-class 
portfolio with over 300,000 high-quality 
products and services - from research 
to commercial manufacturing. 


With 19,000 life science employees 

in 66 countries across the globe, 

we have 130 distribution centers 

and 10 global customer collaboration 
facilities across North America, Europe, 
Asia and Latin America. 


Customer-centric 
innovation 


We are dedicated to putting our 
customers first, and by collaborating 
we can help advance life science. 
Together, we can improve and 
expand global access to health with 
unparallelled services and support 
under one banner. 


Seamless access 


With 24/7 customer support, an 
efficient ordering and delivery service, 
and an unmatched e-commerce 
platform, you get exactly what you 
need, when you need it. 


A sharper look 


As part of the exciting life science 
restructure, we are refreshing our existing 
packaging design and labeling to better 
serve you and reflect the vibrant nature 
of our business and vision. 


Let us help you 


Find out how we collaborate to 
solve your toughest problems 
at SigmaAldrich.com/ 
advancinglifescience 


#howwesolve 
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A science and 
technology ecosystem 


Merck has brought together the world’s 
leading Life Science brands to solve the 
toughest problems in life science. 

In particular, you may be interested in 
the following brands: 


Sigma-Aldrich” continues to develop 
its broad portfolio of state-of-the-art 
lab and production materials, 
paired with technical support and 
scientific partnerships. 
offers a continually pioneering 

range of intuitive, easy-to-use lab water 
instruments that seamlessly integrate 
into your daily work. 

provides proven preparation, 
separation, filtration and testing 
products and technologies. 

continues to be a trusted 

resource for accurate and reliable 
analytical products, developed 
by analytical chemists, for 
analytical chemists. 


The life science business of Merck operates as MilliporeSigma in the U.S. and Canada. 


Merck, the vibrant M, Milli-Q, Millipore, SAFC, BioReliance, Supelco and Sigma-Aldrich are trademarks of 
Merck KGaA, Darmstadt, Germany or its affiliates. All other trademarks are the property of their respective owners. 
Detailed information on trademarks is available via publicly accessible resources. 
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Support you can count on 


At Merck, we offer a world-class 
portfolio with over 300,000 high-quality 
products and services - from research 
to commercial manufacturing. 


With 19,000 life science employees 

in 66 countries across the globe, 

we have 130 distribution centres 

and 10 global customer collaboration 
facilities across North America, Europe, 
Asia and Latin America. 


Customer-centric 
innovation 


We are dedicated to putting our 
customers first, and by collaborating 
we can help advance life science. 
Together, we can improve and 
expand global access to health with 
unparallelled services and support 
under one banner. 


Seamless access 


With 24/7 customer support, an 
efficient ordering and delivery service, 
and an unmatched e-commerce 
platform, you get exactly what you 
need, when you need it. 


A sharper look 


As part of the exciting life science 
restructure, we are refreshing our existing 
packaging design and labelling to better 
serve you and reflect the vibrant nature 
of our business and vision. 


Let us help you 


Find out how we collaborate to 
solve your toughest problems 
at SigmaAldrich.com/ 
advancinglifescience 


#howwesolve 


powerful 
propellers 


Millipore. BioReliance. Milli-Q. Supelco. 


Proven Preparation, Expert Pharma & Pioneering Lab Trusted Analytical 
Separation, Filtration Biopharma Manufacturing Water Solutions Products 
& Testing Products & Testing Services 


MilliporeSigma, the vibrant M, Milli-Q, Millipore, SAFC, BioReliance, 
Supelco and Sigma-Aldrich are trademarks of Merck KGaA, Darmstadt, 


MilliporeSigma has brought together the world’s Germany or its affiliates. All other trademarks are the property of their 
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Millipore. BioReliance. 


Proven Preparation, Expert Pharma & 
Separation, Filtration Biopharma Manufacturing 
& Testing Services 


& Testing Products 


Merck has brought together the world’s leading 
Life Science brands, so whatever your life science 
problem, you can benefit from our expert products 
and services. 


To find out how the life science business 
of Merck can help you work, visit 
SigmaAldrich.com/advancinglifescience 


#howwesolve 
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Milli-Q. Supelco. 


Pioneering Lab Trusted Analytical 
Water Solutions Products 
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LIFE SCIENCE TECHNOLOGIES 


new products: microscopy/imaging 


Tissue Imaging System 

The Vectra Polaris Automated 
Quantitative Pathology Imaging 
System integrates both multi- 
spectral imaging and automated 
slide scanning to better visual- 
ize, analyze, quantify, and phe- 
notype immune cells in situ in 
FFPE tissue sections and tissue 
microarrays (TMAs). The fully automated system provides research- 
ers unparalleled speed, performance, and versatility for extracting 
proteomic and morphometric information from intact FFPE tissue sec- 
tions and TMAs. Vectra Polaris is the only instrument on the market 
that goes beyond basic functions such as whole-slide, brightfield, and 
fluorescence imaging, integrating the power of multispectral imaging 
in asimplified, elegant workflow. Coupled with the proven power of 
inForm image analysis software, its multiplexing capability enables 
identification and quantification of multiple biomarkers and reveals 
spatial context within a digital workflow, to assist researchers with 
better, faster decisions. 

PerkinElmer 

For info: 800-762-4000 

www.perkinelmer.com/cancer-immunology 


Fad 


Yi . 


Microscope Camera 

The Lumenera INFINITY3-6UR is an ideal general-purpose camera for 
most microscopy applications due to its 6-MP resolution, excellent color 
reproduction, and speed, with the light sensitivity needed for low-light 
applications. Built on Sony's EXview HAD II sensor technology, this 
camera offers extremely high dynamic range, 4.54 um x 4.54 um pixels, 
and very low noise. With its 2x2 binning, there is a fourfold increase in 
sensitivity along with 1.5-MP (1376x1096) resolution. INFINITY3-6UR 

is designed for use in a variety of scientific, life science, clinical, and 
industrial applications requiring optimal color reproduction, extreme 
sensitivity, increased resolution, and high speed. 

Lumenera 

For info: 613-736-4077 

www.lumenera.com 


Non-Browning Zoom Lens 

Resolve Optics’ Model 357 non-browning zoom lens provides high- 
definition-quality images over an unrivaled 10X zoom range. Featuring 
specialist non-browning glasses, it produces clear, sharp images 
without the strong yellow tint that has traditionally been a limiting 
issue when using radiation-resistant lenses on color sensors. It is 
designed to operate in environments subject to high-level radiation, 
such as nuclear fuel handling sites, reactor active zones, and nuclear 
waste storage plants. Operating at f/2, Model 357 offers high image 
resolution and minimum geometric distortion from 400 nm to 

770 nm, and can image objects from 800 mm to infinity without 
add-on adapters. 

Resolve Optics 

For info: +44-(0)-1494-777-100 

www.resolveoptics.com 
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Enhanced Confocal Detector 

The ZEISS Airyscan is an area detector. Unlike traditional confocal 
microscopes, which reject photons from outside of the focal plane 
at the pinhole, Airyscan detects all precious fluorescence emission 
photons of 1.25 a.u. Their information is then used to deliver higher 
sensitivity, superresolution, and high acquisition speeds. The new 
2D Superresolution mode takes advantage of the fact that Airyscan 
captures information from the x, y, and z planes with the confocal 
point spread function. A new exclusive processing algorithm uses this 
inherent spatial information captured in a single image, specifically 
distinguishing between photons originating from the focal plane of 
0.2 a.u. and photons from outside of this focal plane. In a traditional 
confocal microscope, a researcher could only close the pinhole to 
0.2 a.u. to attempt the same optical sectioning. This would mean 
sacrificing many photons, even from the focal plane, thus reducing 
signal-to-noise drastically. 

ZEISS 

For info: 800-233-2343 

www.zeiss.com 


Biomolecular Imager 

The Amersham Typhoon NIR Plus is a modular, upgradeable near- 
infrared (NIR) imaging system from GE Healthcare Life Sciences. Its 
three-laser, flexible configuration provides two essential NIR channels 
as well as a third visible laser channel for triplex protein detection, 

to facilitate normalization and the reduction of blot-to-blot variation. 
Ideal for multiuser environments, it delivers extremely sensitive 
detection, high image resolution, and a broad linear dynamic range with 
multifluorescent and stained samples. Able to scan up to nine microtiter 
plates simultaneously, it is also suitable for high-throughput screening. 
NIR Plus is an affordable, user-friendly, open imaging platform 
compatible with most commercially available NIR detection reagents. 
With high (10-~m) resolution, a dynamic range greater than 5 orders of 
magnitude, and sensitivity as low as 3 picograms, it accommodates a 
wide range of samples, including tissue sections, plant leaves, and cell 
colonies, in addition to traditional gels, membranes, multiwell plates, 
and dishes. 

GE Healthcare Life Sciences 

For info: 800-526-3593 

bioresearch.gehealthcare.info 


Biological Microscopes 

The CX33 and CX43 microscopes enable users to remain comfortable 
during long periods of routine microscopy observations. In both 
instruments, the stage is 70 mm lower than in the previous model, 
resulting in a large workspace under the eyepiece that facilitates 
checking or swapping samples with just one hand. In addition, the stage 
and coaxial focus knobs have been lowered, so users can reach them 
while their forearms remain on the desk. The low-positioned revolving 
nosepiece with a finger rest accommodates up to five objectives, 
enabling users to quickly change magnification with minimal arm 
movement. To improve durability and reduce running costs, we have 
added a centering-free LED light source with a long 60,000-h lifetime, 
providing uniform illumination and constant color temperature at any 
brightness level. This means users get natural color representation 
from a wide range of stains and can perform analyses faster and more 
confidently. 

Olympus 

For info: 704-877-8801 
www.olympus-lifescience.com/en/microscopes/upright 
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Alexander von Humboldt 
Stiftung / Foundation 


Sofja Kovalevskaja Award — Become a research 


group leader in Germany 


65 million fc 


The Alexander von Humboldt Foundation is now calling for 
applications for the Sofja Kovalevskaja Award, one of the most 
valuable academic awards in Germany. With funding of up to 
€1.65 million, it creates unique opportunities for excellent 
researchers to conduct their own research in Germany: award 
winners are invited to spend five years working at the institute 
of their choice and setting up their own research groups — 
independently and virtually free of bureaucracy. 


Scientists and scholars of all disciplines from abroad who have 
completed their doctorates within the last six years are eligible 
to apply. The award targets outstanding talent and a creative 
approach to research. 


The Humboldt Foundation actively promotes equal opportu- 
nities and therefore particularly welcomes applications from 
women researchers. 


The closing date for applications is 31 July 2018. More information: www.humboldt-foundation.de/SKP_en 


Exzellenz verbindet - 
be part of a worldwide network. 


Alexander von Humboldt Foundation 
Jean-Paul-Str. 12 

53173 Bonn 

Germany 


info@avh.de 


www.humboldt-foundation.de 
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Arabidopsis sp. expressing green 
fluorescent protein (GFP) in roots 


/ 
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FORENSIC 


ENVIRONMENTAL 
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Inchworm on leaf, Leafhopper Microplastics in the oceans 
fluorescence, Maine and water supplies, the food 
chain, and consumer prod- 

ucts have become pervasive. 


PRACTICAL SOLUTIONS FOR VIEWING AND PHOTOGRAPHING FLUORESCENCE 
CONTACT US FOR 
MORE INFORMATION... 


Electron 
Fluorescence has diverse applications in science, education, art, forensic Microscopy 


sciences, industry and more. NIGHTSEA provides complete solutions — light Sciences 
sources and matched filters — for viewing and imaging fluorescence. With both P.0. Box 550 * 1560 Industry Rd. 
off-the-shelf and customized equipment Fluorescence Viewing Systems have Hatfield, Pa 19440 


helped thousands of customers around the world enter this hidden spectral realm. } Tel (215) 412-8400 
Fax: (215) 412-8450 
email: sgkeck@aol.com 
or stacie@ems-secure.com 


www.emsdiasum.com 
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POSITIONS OPEN 


Duke University 
School of Medicine 


Postdoctoral research positions are now available 
to study the impact of manipulating the estrogen sig- 
naling axis on immune function and how hormonal 
status impacts breast tumor immunity. This translational 
project will provide incumbents with the opportunity 
to train with a multidisciplinary team of scientists in a 
new and exciting area of cancer therapeutics. Successful 
applicants will have training in immunology, hormone 
action, cancer biology or genetics. Motivated individ- 
uals with a recent Ph.D., M.D. or M.D./Ph.D. should 
send a curriculum vitae, a brief description of re- 
search interests and the names of three references to: 
Dr. Donald McDonnell, Department of Pharmacol- 
ogy and Cancer Biology, Duke University School 
of Medicine, Durham NC 27710. E-mail: Trena. 
martelon@duke.edu 
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Follow us for jobs, 
career advice 
and more! 


@ScienceCareers 
/ScienceCareers 
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Search more jobs online 


Access hundreds of job postings 
on ScienceCareers.org. 


Expand your search today. 
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120" ANNIVERSARY OF PEKING UNIVERSITY 


1898-2018 


Innovation and Services — The Development of 


Information Science at Peking University 


The discipline of Information Sci- 
ence at Peking University (PKU) cov- 
ers two majors: Electronics Engineering 
(EE) and Computer Science (CS). The 
EE major, founded in the 1950s, covers 
microelectronics and solid-state elec- 
tronics, physical electronics, circuits 
and systems, electromagnetic fields 
and microwaves, quantum electronics, 
communication and information sys- 
tems, etc. The CS major, founded in 
1978, focuses on computer architecture, 
software, artificial intelligence, compu- 
tational linguistics and digital media, 
etc. 

While developing state-of-the-art 
mechanisms for cultivating top talents 
in information science, we are also 
dedicated to applying cutting-edge 
technologies to industrial and social 
development. Our current research 
work focuses on hardware, software 
and system technology for big data, 
cloud computing, artificial intelligence, 
internet of things, new generation com- 
munication, intelligent integrated mi- 
crosystem and quantum computing, etc. 
We also encourage cross-disciplinary 
research, and have established mul- 
tiple research centers to facilitate the 
integration and development of related 
disciplines, e.g., the Research Center 
for Medical-Information Science, the 
Research Center for Computational So- 
cial Science, and the Research Center 
for Brain-inspired Computing. 

In the field of Microelectronics and 
Integrated Circuit (IC), as far back as 
1975, the researchers in the Institute of 
Microelectronics, led by Prof. Yangyu- 
an Wang, successfully developed the 
first 1024-bit n-channel silicon-gate 
MOS Dynamic Random Access Mem- 
ory (DRAM) in China. More recently, 
Prof. Ru Huang and her team have 
been focusing on the low-power semi- 
conductor devices with new structures/ 
materials/mechanisms and the key tech- 
nologies of brain-inspired computing 
chips, aiming at pushing IC technology 
to its power limit and expanding its 
functionality in the Post-Moore Era. In 


particular, they have proposed and fab- 
ricated novel nanoscale multi-gate tran- 
sistors and steep-slope ultralow-power 
transistors with record figures-of-merit 
(FoMs), as well as new neuromor- 
phic devices and array architectures 
which can greatly reduce the energy 
consumption of artificial intelligence 
(AI) chips. In the past 11 years, they 
have published 45 papers at the IEEE 
International Electron Devices Meeting 
(IEDM), the top-tier conference in the 
field of microelectronic devices. The 
relevant research results have been 
transferred to or applied in leading IC 
companies, such as SMIC, Huawei 
HiSilicon, Cadence, and Synopsys, etc. 

In the field of software, Peking 
University has always been the pioneer 
and leader of fundamental research as 
well as technology transfer in China. 
The team led by Prof. Fuging Yang 
developed several operating systems 
for computers made in China before 
1980s, and a series of Integrated De- 
velopment Environments (IDEs) for 
structured, object-oriented and com- 
ponent-based software in 1990s. The 
team led by Prof. Hong Mei proposed a 
new software paradigm, Internetware, 
to describe the new and even uncon- 
ventional properties of software in the 
Internet Age. Internetware became the 
flagship of software research in China 
in the 2010s, revealing and addressing 
many interesting and valuable issues. 
For example, Prof. Mei’s team invented 
an automated approach to enabling 
the efficient interoperability between 
information systems, sharing the data 
and functionalities of an information 
monolith to others without the source 
code, data schema or back-end permis- 
sion, increasing the efficiency of inter- 
operability by hundreds of times. This 
approach and its operating platform 
have been transferred to Digital China, 
Lenovo, AliCloud, and iFLYTECH, 
etc. with the biggest information tech- 
nology patent royalty (15 million US 
dollars) in Chinese universities. This 
new interoperability technology has 


been widely used in the development 
of software for data sharing, big data 
application, smart cities and system 
integration in China. With the vision 
of Internetware, the team will focus on 
intelligent software development, big 
data and social-cyber-physical comput- 
ing in the next decade. 

In the field of Chinese information 
processing, Prof. Wang Xuan led the 
revolution of Chinese character storage, 
display and laser phototypesetting tech- 
nologies as early as the 1970s. Since 
the 1990s, Peking University has es- 
tablished the unique Chinese language 
model and knowledge bases. These 
achievements enable Chinese people to 
continue using and developing Chinese 
languages and scripts in the information 
era. 

In the field of intelligent science, 
Prof. Qingyun Shi developed the high- 
est performance fingerprinting system 
in 1980s. In the last 20 years, Prof. 
Wen Gao steered the development 
of national video coding standards in 
China, the IEEE standard and the ISO / 
IEC standard on visual feature coding, 
which have been widely deployed in 
High-definition Television broadcast- 
ing in China and other countries. As 
chairman of Artificial Intelligence In- 
dustry Technology Innovation Strategic 
Alliance (AITISA) approved by the 
Ministry of Science and Technology of 
China (MOST), Prof. Gao emphasized 


ADVERTISEMENT 


the leading role of PKU in establishing 
an open source AI platform with focus 
on the new intelligent computing ar- 
chitecture and brain-like computers, so 
as to promote the transformation and 
upgrading of human society from the 
information era to the intelligence era. 

PKU Information Science will 
continue promoting the multi-discipli- 
nary interaction and integration within 
the university, while contributing to 
information science research and in- 
dustry in China and around the world 
at multiple levels, including theory, 
technology, system and industrial 
services. Prof. Ru Huang, Dean of 
EECS School, warmly welcomes top 
researchers from all over the world 
to join or participate in our promising 
platform at Peking University. Feel 
free to contact us: dean.eecs@pku.edu. 
cn or visit http://eecs.pku.edu.cn/EN/. 


integration with feature size down to sub 10 nm. 


The Institute of Computer Science 
and Technology at Peking University 


The Institute of Computer Science 
and Technology (ICST) was estab- 
lished in 1983 by professor WANG 
Xuan, the winner of the Top National 
Science and Technology Award in 
2001. 

ICST has made significant contri- 
butions to computer science and tech- 
nologies by advancing applications in 
printing and media industries. Specif- 
ically, the Laser Typesetting System, 
adopted by more than eighty percent 
of Chinese newspaper publishers, 
has led a nationwide revolution; the 


Newspaper Digital Asset Management 
System has created a paperless work- 
ing environment for the media indus- 
try; the Digital Rights Management 
System has promoted the popularity 
of e-books; and the Digital Broadcast 
Control System has made digital TV 
automation possible. 

Expanding the scope from digital to 
intelligent media, ICST is dedicated to 
the research of media intelligence. The 
important progress achieved recently 
includes cross-modal content recogni- 
tion, machine writing, and automatic 


generation of Chinese fonts. 

Prof. Xiaojun Wan specializes 
in natural language generation and 
machine writing. His team invented a 
series of text summarization methods 
to automatically generate news reports. 
Their innovative technologies have 
been transferred into several online 
AI reporters (e.g., Xiaomingbot and 
XiaoNan) in various domains, includ- 
ing sports and lifestyles. For instance, 
Xiaomingbot published more than ten 
thousand news articles for Rio 2016, 
Football League and NBA events. 

Prof. Yuxin Peng, has led his team 
to achieve several important break- 
throughs on cross-modal content anal- 
ysis and recognition. They proposed 
spatial topology based attention learn- 
ing, which for the first time solved the 
difficult problem of fine-grained image 
classification without object annota- 
tion. They also proposed collaborative 
learning of spatial-temporal attention to 
achieve the video recognition accuracy 
of 95.7%, and won first place six times 
in video instance search of Internation- 
al evaluation campaign TRECVID. 
The graph regularized shared semantic 
space projection they proposed, for the 
first time broke through cross-modal 
retrieval up to 5 modal types including 
image, video, audio, text and 3D mod- 
el. Their research achievements have 


been successfully applied to over 100 
organizations, and gained first prize 
of Beijing Science and Technology 
Award in 2016. 

The group headed by Professor 
Zhouhui Lian, and previously headed 
by Professor Jianguo Xiao, has been 
working for decades to advance the de- 
sign and production of Chinese fonts. 
Adopting state-of-the-art CG/AI/CV 
techniques, they have proposed a se- 
ries of solutions significantly improv- 
ing the designing/producing efficiency 
of high-quality printing/compressed/ 
colorful Chinese fonts. The group 
was also the first to make possible 
the automatic generation of practical 
handwriting fonts with arbitrarily large 
numbers of Chinese characters. Their 
techniques have been authorized and 
transferred into commercial products 
for hundreds of millions of users, pro- 
ducing great commercial benefits and 
significant social impact. 

The Institute welcomes applications 
from top researchers and, in particular, 
young talents from around the world. 
Feel free to contact us: 

Website: http://www.icst.pku.edu.cn/ 
Email: icst748@pku.edu.cn 
Address: No. 128 Zhongguancun 
North Street, Haidian District, Beijing, 
100871, P. R. China 


Intelligent Control of Networked Dynamical 


Systems at Peking University 


With the dramatic develop- 
ment of multiple robot systems, 
intelligent traffic systems, Internet 
of Things (IoT), smart grids, and 
mobile sensor networks in the last 
decade, classic control theory is 
no longer adequate. A new design 
theory and control methods are 
needed to deal with such dis- 
tributed systems, each of which 
is typically composed of many 
subsystems connected as a large 
network. 

Long Wang, a Cheung Kong 
Chair Professor of Dynamics 
and Control, has spearheaded a 
series of pioneering programs by 
using Evolutionary Game Theory 
(EGT), which is powerful in solv- 
ing the competing interactions 
among different agents. Some 
fundamental studies include when 
the popular embedded Markov 
chain method is valid, the intrin- 
sic differences between the two 


widely used evolutionary rules, 
and what is the asymptotic behav- 
ior of mobile agents. Professor 
Wang and his colleagues have 
found a simple yet effective con- 
trol protocol to make all agents 
coordinate with each other, which 
has proven to be efficient and 
energy-saving over a wide range 
of network structures. In addition, 
they have also been successful 
in studying the emergent mech- 
anism of human intelligent be- 
haviors, which is fundamental to 
artificial intelligence. These novel 
and insightful theoretical results 
have successfully found their ap- 
plications in the coordination and 
control of multiple mobile robots. 
Feel free to contact us: Center 
for Systems and Control, Peking 
University. 
Website: http://www.mech.pku. 
edu.cn/robot/index.htm 
Email: longwang@pku.edu.cn 
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Iq CENTER FOR QUANTITATIVE BIOLOGY 


ro 


Faculty Positions in 
Biological Physics and 
Systems Biology 


online @sciencecareers.org 


The Center for Quantitative Biology (CQB) at 
Peking University (PKU) invites applications for 
faculty positions at all ranks. We seek for creative 
individuals in all areas of biological physics and 
quantitative systems biology, broadly defined. 


ScienceCareers 


CQB (http://eqb.pku.edu.cn/) is dedicated to research 
and education at the interface between the physical 
and biological sciences. Current research areas include 
physical biology, mathematical biology, systems 
biology, synthetic biology and computational biology. 


Participation Approach 


Applications are welcome all year round. For qualified 4 . 
Please submit your resume to zhaojia@eol.cn 


applicants, PKU can sponsor their applications to 
the national (Young) Thousand Talents Program. 
Application materials (cover letter, CV, summary of 
research achievements and future research plan, all in 
a single PDF file) and three letters of reference should 


Job Vacancies 
in China’s Universities and Institutes 
Please visit http:;//www.acabridge.cn/ 
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be sent to Ms. Wei Xiao (gsmkyb@pku.edu.cn). 


Pre-regisrtation Now Open 


An introduction to the forum 
In accordance with the national strategy of 
Beijing-Tianjin-Hebei region's coordinated 
development, and following the principle 
of developing ‘An Insight for Discovering 
Talents, Sincerity for Cherishing Talents, 
a High-degree of Tolerance for Talents, 
Courage for Utilizing Talents, and Effective 
Measures for Assembling Talents”, Tianjin 
Normal University extends a sincere invi- 
tation to international elites to join us. The 
university will hold the Second Internation- 
al Elites’ Forum from 26th to 29th May, 
2018, as part of our talent-recruiting pro- 
gramme, in an effort to gather the world's 
leading scholars and holders of national 
and provincial level talent titles. The forum 
will provide them with a platform where 
they can have in-depth consultation on the 
latest developments in their disciplinary 
fields through symposia, seminars and con- 
ferences; and learn more about the univer- 
sity and the city of Tianjin, both of which 
are endeavouring to attract innovative and 
enterprising young talents. 

We sincerely welcome you to join us in 
our work in scientific research, teaching 
and training, public service, cultural 
innovation, and international communi- 
cation and cooperation, so that together 
we will contribute to the economic and 


social CovelOpiivintig Sieuisaharéd ftithns We are looking dor SEAS in OTe title, such as National Thousand Talent yy. Ge Yanxia 
tive and world literature, linguistics and Plan, National Thousand Talent Plan for Tel: 17302237889 
Disciplinary fields applied linguistics (including experimen- Young Outstanding Scientists, Chang YatieiBin 


1. Psychology and related areas: 
We are looking for experts in psychol- 


Tianjin Normal University 
International Elites’ Forum 


A sincere invitation to talents from all over the world to join us 


ogy and related areas, medical image 
processing, cognitive neuroscience, 
bioinformatics (or human genomics) and 
experimental psychology. 

2. Political Sciences 

We are looking for experts in political 
theory, comparative politics, international 
politics, the history and construction of 
the CPC, governance and public policy. 
3. World History 

We are looking for experts in the econom- 
ic and social history of Europe, French 
history, German history, the late medieval 
and early modern history of Europe, and 
the history of European civilisation. 

4. Marxist Theory 

We are looking for experts in areas related 
to Marxist theory, politics and philosophy. 
5. Education 

We are looking for experts in the fun- 
damental principles of education, cur- 
riculum and teaching theory, preschool 
education, and comparative education. 

6. Chinese Language and Literature 


tal phonetics). 
7. Chemistry and Materials Science 


We are looking for experts in inorganic chem- 
istry, analytical chemistry, organic chemistry, 
physical chemistry and chemical biology. 

8. Physics and Materials Science 

We are looking for experts in physics 
and related areas, materials science and 
engineering (including energy-related 
studies), and astrophysics. 

9. Geography 

We are looking for experts in geography 
and related areas, earth sciences and en- 
vironmental sciences. 

10. Biology 

We are looking for experts in cell biology, 
biochemistry and molecular biology, ge- 
netics, zoology, hydrobiology and ecology. 


Application requirements 
Applicants should be: 

1) PhD degree holders; 

2) Below the age of 45 (or the age of 40 
for science disciplines); 

3) With leading or outstanding potential, 
possessed with or have the qualifications 
close to national or provincial level talent 


Jiang Scholars Program, Chang Jiang 
Scholars Program for Young Outstanding 


Scientists, Outstanding Young Schol- 
ars, and Excellent Young Scholars. See 
the Tianjin Normal University Double 
One-Hundred Talents advertising window 
for more information. (Website: http:// 
www.tjnu.edu.cn/) 

4) Holders of a teaching or research posi- 
tion at prestigious overseas universities, 
research institutions, or renowned enter- 
prises or PhD/ Post-docs with more than 
2 years of overseas research experience. 


Forum programme 

26"" May Registration and travel reim- 
bursement 

27" May Morning: opening ceremony 
Afternoon: seminars, observation in lab- 
oratories, campus tour 

28" May symposium, applicants’ ques- 
tion and answer session, tour of living 
and working environments 

29" May closing session 


Application procedure 

CVs should be sent to gjgdlt@tjnu.edu. 
cn (with the email subject heading: TNU 
2™ International Elites’ Forum + Name + 
Current Organization + Discipline) by the 
10” May 2018. Successful applicants will 
receive an invitation from the university. 


Contact person 


Tel: 15822871057 


ADVERTISEMENT 


“Ask Big and Important Questions 


Alexey Amunts chose to start his lab at SciLifeLab 
because of the possibilities he saw in the research 
environment. 


Alexey Amunts uses cryo-EM to visualize macro- 
molecules at atomic resolution. His group explores 
macromolecules that play key roles in fundamental 
and medically relevant cellular processes, such as the 
mechanism of protein synthesis in mitochondria. 


“The cryo-EM method has made it possible to reveal 
complex cellular systems that we lacked the tools to 
investigate before, and there is a whole new nanos- 
cale universe waiting to be explored, so it is a very 
exciting time to be in this field.“ 


He started out by doing his PhD at Tel Aviv Univer- 
sity in Israel, where he used X-ray crystallography 
to visualise plant photosynthetic complexes. After 
that he moved on to a postdoc position at the MRC 
Laboratory of Molecular Biology in Cambridge, UK, 
to investigate ribosomes using cryo-EM. 


When Alexey Amunts got the opportunity to set 
up a cryo-EM lab at SciLifeLab, he took it. One 
of the reasons was the many strong advantages 
that he sees with the Swedish research environment. 


“The grant schemes in Sweden have a tradition of 
supporting ambitious initiatives, those where you 
don't expect the results to start appearing within 
2-3 years. This is particularly important, because it 
allows to navigate a research group through difficult 
periods. This consideration is crucial when one is 
looking for a place to set up a lab because finding a 
productive direction takes time.” 


Sci ifeLab 


a 


His lab is located close to 
the SciLifeLab cryo-EM, 
mass spectrometry, and 

drug discovery facilities. 


“There were three main 
things that made SciLifeLab 
so attractive to me: the infra- 
structure support, the net- 
work of collaborations, and 
most importantly the wide jlexey Amunts 
spectrum of young talent.“ 


When Alexey Amunts reflects on the Fellows Program 
he highlights it’s snowball effects. 


“SciLifeLab recruits fellows from leading institutions 
abroad and gives them an unprecedented degree of 
freedom as well as tools to create. But what I think is 
even more important is that by establishing new tech- 
nologies the Fellows attract bright postdocs and PhD 
students that otherwise would not consider coming 
here. This makes not only a major contribution to the 
current research environment, but will also have a 
long-term effect on the Swedish science and society.” 


His advice to researchers who are about to become 
independent investigators is to ask big and impor- 
tant questions that will take them into uncharted 
territories. 


“Even if pursuing those questions might be risky, 
you will get an opportunity to expose new worlds 
with even more interesting questions, and eventually 
have better chances to make a unique contribution 
to science.” 


www.scilifelab.se 
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online @sciencecareers.org 


Science Careers 


FROM THE JOURNAL SCIENCE JAYAAAS 


Step up your job search 
with Science Careers 


e Access thousands of job postings 
e Sign up for job alerts 
e Explore career development tools and resources 


Q Search jobs on ScienceCareers.org today 


Western. 
University .* 


ASSOCIATE PROFESSOR/PROFESSOR AND VICE CHAIR, 
DEPARTMENT OF BASIC MEDICAL SCIENCES 


The Western University of Health Sciences (WesternU), College of Osteopathic 
Medicine of the Pacific (COMP), invites applicants for the position of Associate 
Professor/Professor and Vice Chair of the Department of Basic Medical 
Sciences (BMS) to lead the development and operation of the Northwest 
campus in Lebanon, Oregon. The Vice Chair is a vital member of the College's 
leadership team. The candidate will be expected to provide visionary 
leadership to the department in its research and educational missions. 
Principal responsibilities will be: 1) mentorship of faculty, 2) participate in the 
development and delivery of pre-clinical medical education, 3) development 
of departmental research programs and integration of research and education, 
and 4) strategic planning to advance the Department in line with the mission 
of the Department, College and University. Successful candidates will have 
an internationally-recognized program of research, significant history of 
extramural funding, administrative and educational experience, and strong 
leadership skills. Salary and rank will be commensurate with qualifications 
and experience. The successful candidate will have expertise in a field of 
biomedical sciences. Interested individuals should submit a curriculum vitae, 
cover letter, a two page outline of their scholarly work and teaching philosophy 
and apply to posting number A00259 on http://apptrkr.com/1199686 
Inquiries can be addressed to the Chair of Search Committee: Dr. Michelle 
Steinauer, Tel #: 541-259-0233; e-mail: msteinauer@westernu.edu 


Western University of Health Sciences is an Equal Opportunity/ 
Affirmative Action Employer and is committed to a policy of equal 
employment to all applicants. 


4 Cleveland Clinic 


Lerner Research Institute 
Postdoctoral Fellowships Available 


The Lerner Research Institute is home to all basic, translational and clinical 
research at Cleveland Clinic, the No. 2 ranked U.S. hospital by U.S. News 
and World Report. With over $140M in federal grants and an annual 
research budget of $260M, the Lerner is consistently ranked among the 
top research institutes in the nation. Postdoctoral fellows routinely obtain 
grant funding and first-author publications in top-tier journals. 


Postdoctoral Job Opportunities: 
http://www. lerner.ccf.org/jobs/postdoctoral/ 
For further information email: RETC@ccf.org 


The Lerner Experience 


Opportunity to train among world-class scientists and physician- 
scientists in a top-ranked healthcare institution 
Multidisciplinary, disease-focused research programs 

175 principal investigators in 12 departments with over 700,000 
square feet of research space 

Competitive salary and benefits package 

Active Postdoctoral Association and 250+ postdocs 

Career development opportunities and support through the 
Research Education and Training Center 


City of Cleveland 
Cleveland is a multicultural city with nationally acclaimed museums, 
sports, restaurants, and music and arts programs. Situated on Lake Erie, 
the area offers stunning views, beaches, and water sports. Low cost of 
living, with below average traffic and commute times for major cities. 
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Smithsonian 
National Museum of Natural History 


DEPUTY DIRECTOR 


The National Museum of Natural History (NMNH), a science-based museum 
within the Smithsonian Institution’s complex of museums and research 
organizations, seeks a dynamic candidate to lead the management of its research 
departments, collections programs, museum outreach activities on exhibits, 
education and communications, specialized laboratories, field stations, and 
other similar programs and partnerships. The successful candidate will bring 
extensive experience in natural history museum leadership, policy formulation 
and strategic planning to the NMNH that has 80 scientists in the fields of 
biology, botany, entomology, zoology, geology, paleobiology, anthropology 
and archeology an d over 450 total employees. Working in collaboration 
with the Sant Director, this high-profile leader will formulate and implement 
strategic directions for the Science programs of the Museum; assure the quality 
and breadth of all Museum activities; and provide institutional leadership in 
broader national and international programs. 


The National Museum of Natural History is dedicated to understanding and 
explaining the natural world and is the most visited natural history museum 
in the world. With over 145 million specimens and objects, the Museum’s 
collections represent over 90% of the holdings of the Smithsonian. These 
collections, and the work of the scientific staff, form the foundation for the 
Museum’s extensive public programs, and include exhibitions, education, and 
outreach programs. 

This is a full-time, permanent position to be filled as Trust (private sector, 
USS. citizenship not required, proof of eligibility to work in the U.S. required). 
Salary commensurate with experience. The Smithsonian Institution offers a 
comprehensive package of benefits. For complete requirements and application 
procedures, please visit: www.sihr.si.edu and refer to Announcements EX-18- 
07. Applications must be received online by May 8, 2018 and must reference 
the announcement number. Applicants will be notified by email when their 
applications are received. 

We encourage all qualified candidates to apply. 


The Smithsonian Institution is an Equal Opportunity Employer. 


WORKING LIFE 


By Arnav Chhabra 


350 


Academia’s forgotten footnote 


n my third year of grad school, everything seemed to fall apart. I was dealing with my grandmother’s 
death, and then my girlfriend and I broke up. I spent the following year in a painful feedback 
loop of depression and despair. Every day, I would trudge into lab and try to get excited about my 
projects. But when I encountered minor hurdles such as a failed replication or contaminated sam- 
ples, I would become discouraged and give up. Even when my experiments went smoothly, I felt 
guilty about the time I had wasted being unproductive. I knew I was struggling, but I didn’t ask 
for help. I thought I could deal with my state of mind just as I had dealt with every other problem in 
my life: Bottle up my emotions, attack the problem with logic, and iterate until I arrived at a solution. 


This time, however, that approach 
didn’t work. I wasn’t sleeping well. I 
couldn’t focus enough to read even 
a brief paper in one sitting. During 
a lab presentation, I got so dizzy 
from exhaustion that I had to stop 
midway through. Balancing work 
and my mental health had become 
untenable. I concluded that trying 
to persist with my lab work was not 
fair to myself or to my group. When 
I gathered the courage to discuss 
time off with my adviser, she en- 
couraged me to take a hiatus. 

In the beginning, it felt like a 
blessing to have time to focus on 
personal projects and self-care I had 
neglected, including a healthy dose 
of binge-watching basketball. But 
after 3 months, feelings of academic 
guilt crept back. Despite not feeling 
fully up to it, I convinced myself that 
it was time to return. 

I tried to mask my depression, but the impact on my 
work was apparent again. A few months after my return, 
my adviser called me into her office and initiated a forth- 
right discussion about why I was not being productive. I 
wondered whether it was time for me to leave my Ph.D. 
program. I felt like a failure, and I thought of suicide for 
the first time. These thoughts finally pushed me to see 
a therapist. 

At first, therapy felt awkward and ineffectual. I was 
not accustomed to introspection, and I certainly was not 
accustomed to being probed about my problems. But over 
time, my counselor and I developed a rapport. She helped 
me figure out that while my girlfriend and I were together 
and my workload ramped up, I had socially isolated myself, 
which meant that I didn’t have a support network to draw 
on when things got tough. She also encouraged me to con- 
nect with MindHandHeart (MHH), a coalition of students, 


“T spent the following year 
in a painful feedback loop 
of depression and despair.” 


faculty, and staff promoting mental 
health and well-being at the Massa- 
chusetts Institute of Technology. 

Ayear and a half of counseling and 
MHH gave me the tools I needed to 
strengthen my relationships and es- 
tablish a support structure to help 
cope with any future episodes. I re- 
vitalized friendships and opened up 
about my feelings. My lab work im- 
proved, and I am on track to gradu- 
ate in the next year. 

Studies have shown that 40% of 
Ph.D. students are depressed. But if 
it weren’t for my own experiences, 
I would not be aware of this—and 
therein lies the problem. Academics 
tend to be averse to discussing men- 
tal health openly, and higher edu- 
cation’s mental health safety net is 
patchy—a forgotten footnote that all 
too often fails its students. I am lucky 
that I have a supportive adviser and 
health insurance that covers mental health care. And I am 
lucky that I made it to therapy when I considered suicide. I 
could easily have waited too long. 

Even if you aren’t personally burdened by these issues, 
everyone must take action to support those who are strug- 
gling, and to ensure that institutions have support frame- 
works: advisers trained to deal with mental health issues; 
student-run support programs; and community events with 
a focus on diversity and inclusion, because students from 
underrepresented groups are more likely to experience 
depression. If your institution doesn’t, what can you do to 
help before someone you care about becomes a different 
kind of footnote? 


Arnav Chhabra is a grad student at Harvard-MIT Health 
Sciences and Technology in Cambridge, Massachusetts. 
Send your story to SciCareerEditor@aaas.org. 
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